arXiv:1210.5258v1 [hep-ph] 18 Oct 2012

Weak Interactions: From Current-Current to Standard Model and Beyond^1

Rabindra N. Mohapatra Maryland Center for Fundamental Physics and Department of Physics, University of Maryland, College Park, Maryland 20742, USA

Abstract

This paper provides a brief overview for non-specialists of some of the highlights in the development of the theory of weak interactions during the past century.

A. Early history

In 1896, French physicist Henri Bacquerel made the discovery of a new kind of spontaneous radiation from Uranium salt that formed the foundation for a whole new field of research in subatomic physics. It held not only far reaching implications for our understanding of the fundamental forces of nature, but also resolved many puzzles in astrophysics and cosmology. The Bacquerel rays (also known as beta rays) were nothing other than electrons emitted in the spontaneous disintegration of Uranium nuclei, a phenomenon which was subsequently found to be replicated in many other nuclear isotopes establishing thereby a whole new class of phenomena in nature. The slowness of beta emission, a characteristic feature of all nuclear beta ray emission led to the realization that the strength of the force responsible for this process was much smaller than that of the electric force responsible for binding electrons in atoms or the nuclear force (also known as the strong force) that binds nucleons to form nuclei; hence the name, weak interactions (or weak force) to describe this new class of phenomena. The weak force together with the three other forces of nature, the strong, electromagnetic and gravitational, make up the four forces known today. The present article is a pedagogical overview of the developments that culminated in a successful theoretical understanding of the weak force, the questions raised by related developments, and outlook for what may lie ahead in this field of study in decades to come.

A major step that led to the understanding of the nature of force responsible for beta rays came from the observation of Chadwick about 20 years later that there was a spread in the energy of the emitted electrons, apparently contradicting the conservation of energy if only electrons were emitted in the process. The reason is

1Versions of this article will appear as a chapter in the book “Hundred years of sub-atomic physics” edited by Ernest Henley, to be published by World Scientific Publishing and in International Journal of Theoretical Physics, WSPC (2012) .

that if only an electron had been emitted in beta decay, energy conservation would have implied that it be mono-energetic, with energy equal to the difference between the masses of the initial and final nuclei. This puzzle of a continuous energy spectrum was solved by Wolfgang Pauli in 1930 when he wrote a letter to his colleagues gathered at a conference that he could not attend addressing them as “Dear radioactive Ladies and Gentlemen” and suggested that in beta emission from nuclei, the electrons were always accompanied by a tiny electrically-neutral, spin half, massive particle called the neutrino. (Pauli in his letter, written prior to the discovery of the neutron called it “neutron” and Fermi changed it to “neutrino”). The neutrino was discovered some quarter century later by Reines and Cowan and the rest of the history of weak interactions could arguably be thought of as our attempts to understand the neutrino, although admittedly, there was more.

As neutrinos became the focus of discussion in weak interactions, new developments followed. A major breakthrough came not only in our understanding of the neutrino but also the nature of the weak force in 1956 when Lee and Yang proposed that weak forces do not obey symmetry (“parity”) under mirror reflection [1]. This came about as they were attempting to understand the so-called τ − θ puzzle . This suggestion was revolutionary since until that time, all forces of nature were believed to respect mirror reflection symmetry. The τ − θ puzzle involved two particles (called τ and θ) with identical properties e.g. mass M about 500 MeV and charge and spin zero, were found to decay to different final states, one containing two pions and the other three pions. Since the π-mesons were known to have odd parity and their orbital angular momenta were consistent with ℓ = 0 (reasonable since M is quite small), the two pion state would have even parity whereas the three pion state would have odd parity. The identical properties of the two decaying particles suggested that they are one and the same whereas if parity conservation is a good symmetry, they could not correspond to the same particle. This was the puzzle. The Lee-Yang resolution was that there is only one particle but that parity invariance does not hold for weak forces which causes the decay of the particle thought to be τ and θ. Indeed, it was soon realized that the particle is none other than the neutral K-meson. The Lee-Yang conjecture was confirmed the following year in an experiment by Ambler, Hayward, Hudson and Wu [2] who observed asymmetric emission of electrons from polarized Co^{60} nuclei as would be the case if weak interaction violated parity (as opposed to having symmetric emission if parity were a good symmetry of weak forces). This revolutionary suggestion implied that the weak interaction was “the odd man out” among the forces of nature.

In parallel with the above developments, our understanding of fundamental building blocks of nature was also slowly expanding. More and more “elementary” particles were being discovered: in addition to protons, neutrons and electrons which were already known by the 1930s, new particles e.g. π^±, π^0, K^±, K^0, μ etc were discovered from studies of cosmic rays as well as at accelerators. These were classified into hadrons and leptons depending on what kind of interactions they participated in: hadrons if they had strong as well as weak and electromagnetic interactions (e.g. p, n, π, K) and leptons if they did not have strong interactions but participated in the rest of the interactions. All particle are known to have gravitational interactions.

To categorize the behavior of the particles in production and decay, they were assigned quantum numbers: for instance, stability of the hydrogen atom could be understood if the proton and electron were given a baryon number (B=1) and a lepton number (L=1) respectively. Similarly since two kinds of K-mesons (a K and K̄) were produced in strong interaction processes , they were assigned a new quantum number called strangeness (S). To be consistent with observations, strong and electromagnetic forces would be expected to conserve all these quantum numbers whereas other weak interactions possibly would not. Such quantum numbers would signify the presence of some higher symmetry- for instance, strangeness as part of an SU(3) symmetry for hadrons that we mention below.

B. From Four-Fermion Interaction to V-A theory

Soon after Pauli’s suggestion of a neutrino, Fermi proposed the four-fermion theory of weak interactions. His proposal was deeply rooted in the framework of quantum field theory where particle production is more natural (unlike quantum mechanics) and described by the annihilation of a neutron inside a nucleus with simultaneous appearance of a proton, an electron and an anti-neutrino due through the four-fermion interaction. This process happens with a certain strength, the Fermi constant, given by G_F , which is a small dimensioned number that accomodates the long life times of the weak-decay processes. The Hamiltonian for the four-fermion interaction can be written as H_{wk} = G_F √ 2 ψ̄_pψ_nψ̄_eψ_ν + h.c. (1)

where each field operator is responsible for the creation (of ψ̄) or destruction (of ψ) of the particle that appears as the subscript. This generic form accounted for processes such as the usual nuclear beta decay where n → p + e^− + ν̄_e as well as for muon decay μ^− → e^− + ν_μ + ν̄_e (with corresponding particle labels changed) with overall strength of coupling G_F ≈ 10^{−5} GeV^{−2}. The discovery that both processes had nearly the same strength provided the insight of their being a universality for weak interactions. This was the key observation that led to the birth of modern gauge theories as will be described below.

An important property of the current-current form of weak interaction for leptons is that it provides a way for assigning a lepton number to e, ν_e, μ, ν_μ, τ, ν_τ that is conserved not only for the electromagnetic forces but also for the weak current-current

Hamiltonian. We will see shortly that this quantum number has a central role in the developments of the field of weak interactions.

While the generic four-fermion theory captured the overall feature of weak processes, further progress demanded greater understanding of the details of the nature of the interaction. The point is that fundamentals of quantum mechanics suggests that fermion bilinear terms can have different Lorentz structure: scalar, pseudoscalar, vector, axial vector and tensor, each with characteristic predictions for experiments . The question is: which of these play a role in weak interaction ?

The years following the discovery of parity violation were exceptionally interesting involving a symbiotic interplay between experiment and theory that eventually settled this mystery, when Feynman, Gell-Mann, Sudarshan and Marshak [3] proposed in 1957 that, of all the different Lorentz possibilities, it was the V-A combination for each set of fermions that forms the four-fermion interaction. This was a particularly bold suggestion since at that time experiments seemed to contradict this possibility. The V-A option also incorporated the possibility that parity is violated in weak interactions. Stunning experimental support for this theory came from the discovery by Goldhaber, Grodzins and Sunyar [4] that neutrinos emitted in weak processes were left handed as predicted by the V-A theory. Other experiments soon followed and the V-A theory became accepted as the fundamental basis for all weak interactions..

The next phase of the development in the late 1950s and early 1960s focussed on gaining an understanding of all weak interactions in terms of the four-fermion V-A picture, which required a systematic characterization of all weak processes. There seemed to be three classes of interactions: (i) purely leptonic processes, that involved only leptons which do not have strong interactions; (ii) semi-leptonic processes that involved both leptons and hadrons (e.g. n → pe^−ν̄), (π^+ or K^+ → e^+ν) and finally (iii) non-leptonic interactions that did not involve any leptons e.g. (K^0 → π^+π^−, π^0π^0, Λ → pπ^−) etc. Characteristics of the purely leptonic decays were the easiest to calculate using perturbative quantum field theory as they were free from the complications of strong interaction and the weak force had far too weak a coupling for higher order processes to have significant effects (at least at low energies). The other class of processes needed additional insight before reliable calculations could be formulated to check the validity of the theory.

The key question was how to define the fermion bilinears when they involved hadrons and how to compute the weak processes that involved strongly interacting particles such as protons, neutrons and pions. Analogy with electromagnetic interactions as embodied in the successful quantum electrodynamics (QED) became the guiding principle. The work of Schwinger, Feynman and Tomonaga had by then led to a theory of all electromagnetic processes, the key ingredient of which was an interaction that provided a vector bilinear term for electrically charged fields such as the electron, muon, proton with the photon field. The weak interactions on the other hand involved the product of two V-A currents. The bilinear and vector nature of both the electromagnetic and weak currents was unmistakably suggestive of a fundamental unity between weak and electromagnetic interactions. This was exploited by Gell-Mann and others to propose the conserved vector current hypothesis (CVC) for the vector part of the hadronic weak currents as well as the hypothesis of partial conservation of the axial part of the hadronic weak currents (PCAC). According to these postulates, the hadronic current (both V and the A parts) was a close “cousins” of the familiar electric current and both were expected to have similar properties. For example, the electric current is a conserved current so that when its time component is integrated over all space, it yields the electric charge and this property makes it easier to study the electromagnetic scattering of hadrons. The question then arose whether the weak current behaved and there is some analog of the electromagnetic charge for an integration of the time component of the weak current over all space ?

C. Symmetries become the dominant theme

To understand how the above question was answered, it will help to discuss the dominant approach to particle interactions in the late fifties and sixties. The near equality of the mass of the proton and the neutron had prompted Heisenberg to suggest the idea that there must be a symmetry of strong interactions under which the proton transforms to the neutron, since the belief was that most of the mass of the protons and neutrons came from the strong force. This symmetry was called strong isospin and Noether’s theorem implied therefore the existence of conserved currents whose time component integrated over all space generated the isospin (I) symmetry. Isospin is like spin, except that it operates in an internal space. The closeness of the mass values of the proton and neutron was interpreted in terms of their being the ”up” and ”down” components of an I =^1_2 representation. Gell-Mann suggested that, in analogy, the vector part of the weak current corresponds to a conserved weak isospin current whose time component when integrated over all space also generates a weak isospin symmetry. So the answer to the question that ended the last section came therefore from the unlikely domain of strong interactions.

What about the axial weak current that arises in a V-A description of weak interactions ? Could that be the analog of the generator of a strong interaction symmetry just like the vector current ? Since the parity of the axial current is different from that of the vector current, a strong axial isospin symmetry would require that there be a parity odd partner of the proton and neutron, for which there is no evidence. Gell-Mann therefore made the bold suggestion that axial current corresponds to only an approximate symmetry and is therefore only approximately conserved. This was called the PCAC hypothesis (or partially conserved axial current). It is certainly interesting that there is no parity doubling of the observed hadronic spectrum i.e. there were no odd parity partners for protons, neutrons etc. So, how such a symmetry is realized in nature is a question that needed to be answered and as we will see below understanding this led to the ground breaking works of Nambu and Goldstone who proposed that not all symmetries are realized through multiplets of nearly same mass but could be spontaneously broken by the fact that the ground state of the theory does not respect the symmetry. This insight had profound implications as discussed below.

With the introduction of vector isospin as an approximate symmetry and possibly also axial isospin as a symmetry and axial isospin as an approximate symmetry group theoretic discussions were slowly creeping into particle physics. In the early sixties, Gell-Mann and Ne’eman extended Heisenberg’s idea to introduce SU(3) as an approximate symmetry of the hadron spectrum that allowed the symmetry concept to cover not just proton, neutron and pion but to much more ”exotic” hadrons of that time the Σ , Ξ, K mesons etc. According to the ideas of group theory, if these symmetries are exact, their generators are time independent and form a Lie algebra. The algebras have irreducible representations to which particles can be assigned and properties such as their seemingly unrelated couplings can be related to one another . In the limit that the symmetries are exact, masses of all the particles in a given irreducible representation of the symmetry would be exact. However, the masses of proton and neutron (which are approximately equal up to small electromagnetic corrections) are different from those of Λ, Σ and Ξ which are supposed to be part of the same irreducible representation. The question now is : how to treat the effects of strong interaction on calculations based on a broken symmetry. Since the strong coupling is large, it is not wise to rely on perturbative expansion. Nevertheless group theory is very successful in determining masses as was shown by the success of the Gell-Mann-Okubo mass formula for baryon and meson multiplets. For weak interactions this kind of procedure is not useful and requires an alternative approach.

To get around this difficulty, Gell-Mann proposed what is known as current algebra which posits that the same group (e.g. SU(3)), Lie algebra is still satisfied but not just by the generators, which for broken symmetry are not time independent, but by currents as well as the time-dependent generators. Their approximate conservation property can be used to carry out calculations of weak processes involving certain hadrons. This opened up the field to many calculational opportunities. The most celebrated is the Adler-Weisberger calculation of the axial coupling g_A for weak interactions which provides the first reliable way to estimate the lifetimes for neutron beta decay. Many other applications followed.

C.1. From symmetries to quarks to symmetries

The current-current form for the weak interaction Hamiltonian can now be written as: H_{wk} = G_F √ 2 J^αJ_α + h.c. (2) where J_α = ψ̄_eγ_α(1 − γ_5)ψ_{νe} + J_α , J_α = V_α − A_α being the difference between the vector and axial vector hadronic currents respectively. The strong interactions effects could then be treated in a nonperturbative manner within the framework of the current current theory.

Another aspect of weak interaction is the way strange hadrons (i.e. the hadrons such as K, Λ, Σ... etc) participate in weak processes. Their weak interaction rates are found to be weaker than for normal hadrons such as neutrons or pions. To accommodate this difference, Cabibbo proposed that in the weak interaction Hamiltonian must contain a mixing between the non-strange and strange hadrons with the weak current involving hadrons written as p̄γ^μ(1 − γ_5)(n cos θ + Λ sin θ) where θ is known as the Cabibbo angle. The value of the Cabibbo angle is about 13^0. The same angle also accommodates the weak decays involving strange mesons such as the kaon.

In 1964, Gell-Mann and Zweig [5] proposed that all hadrons (protons, neutrons, pions etc) were made of more fundamental constituents called quarks. The hadrons were nothing but quarks bound by the strong force. According to the quark model, the nucleon was made of u and d quarks with p ≡ uud and n = udd etc. As evidence for quark substructure of hadrons grew, it also impacted the weak interactions with the charged hadronic weak currents V_α and A_α expressed in terms of quarks as V_α = ūγ_αd and A_α = ūγ_αγ_5d. This form implied that as far as the weak forces go, there is an amazing similarity between the neutrino ( ν) and the up quark ( u) and between the electron ( e) and the down quark (d). Since u and d correspond to the up and down components of the strong interaction symmetry group isospin, one could surmise that there is a weak isospin group whose up and down components are ν and e as well as u and d. More precisely, since the weak current is pure left-handed or (V-A) type, one could write left handed helicity parts of these fields as the components of weak isospin doublet. Includinng the strange quark, the weak current can be written in terms of quark bilinears as ūγ^μ(1 − γ_5)(d cos θ + s sin θ) .

By the late fifties, symmetries were considered a fundamental part of our understanding of strong forces and hadron spectrum. The quark model emerged as a way to handle the strong interaction symmetries. Writing the weak currents in terms of quark bilinears provided a clue that there may be hidden symmetries for weak forces too, an intuitive notion that eventually led to the incredible journey from the currentcurrent form for weak interactions to the standard model (SM) of weak forces, every detail of which seems to have been confirmed, first by the discovery of weak neutral currents, the W and Z bosons[6] and finally this year, the discovery of the Higgs boson[7] (although in the last case how accurately the observed boson represents the SM Higgs rather than some beyond the standard model field is not clear yet.)

C.2. Enter the charm quark

A significant milestone in the history of weak interaction is the discovery of the charm quark. In 1959, Gamba, Marshak and Okubo [9] suggested the idea of quark lepton symmetry in weak interactions. They observed the correspondence between p ↔ ν, n ↔ e and Λ ↔ μ. This was before the discovery of the muon neutrino ( ν_μ), by Lederman, Steinberger and Schwarz[8]. In 1962, in order to reconcile the idea of quark-lepton symmetry with the fourth lepton ν_μ, Maki, Nakagawa and Sakata [10] suggested in a seminal paper that neutrinos mix among themselves. True reconciliation between quark lepton symmetry and the four leptons came in the paper by Bjorken and Glashow [11], who proposed that the Gamba-Marshak-Okubo hypothesis required a fourth quark, the charm quark c to retain the p ↔ ν_e and c ↔ ν_μ correspondence. The true significance of the role of the charm quark came a few years later, which is in itself an interesting history.

As the current-current form became the cornerstone for describing the weak interactions, its field theoretic underpinnings started to concern the particle theorists. QED was established as a remarkably successful theory of electrons and photons, where one could calculate quantum corrections such as Lamb shift, g-2 of electrons, both in agreement with observations. Such calculations were reliable and their comparision with experiment was possible because QED was a renormalizable theory which had only interactions with mass dimension four or less. The burning question in late sixties was “is there also a renormalizable theory of weak interactions ?” The current-current theory based on the four fermion interaction of dimension six was clearly not renormalizable and led to infinite integrals whenever high loop corrections were calculated. Many attempts were made in the mid to late sixties to make sense of a theory that was so successful in describing observations and yet was plagued with infinities ? One approach to doing this was simply to put a cut-off to make sense of these infinities. It was however pointed out in a series of papers [12] that when such cut-off procedure was applied to calculating strangeness changing processes such as K_L → μ^+μ^− and K_L − K_S mass differences in the four-fermion theory, observations required that the needed cutoff was low , near few GeVs. One way to interpret such a low cut-off was to assume that the cut-off originated from new physics near a few GeVs. This prompted Glashow, Iliopoulos and Maiani [13] to suggest that this cut-off can be identified with the mass of the Bjorken-Glashow charm quark, which then led to a clarification of the magnitude of higher order contributions from weak processes. This came to be known as the GIM mechanism. The charm particle was eventually discovered in 1974 by two experiments, one at Brookhaven by the group of Sam Ting[14] and the other at SLAC by the group of Burton Richter[15], both of whom were awarded the Nobel prize for this discovery.

D. Birth of the standard model

The end of the 1960s was a chaotic period in particle physics. The three major fundamental forces of concern to particle physicists were viewed in three different ways. As noted earlier, QED was considered “in the bag” in the sense that viewed as a theory describing the electromagnetic interaction of particles such as electrons, muons etc, it was fully understood in terms of a renormalizable field theory whose Lagrangian was determined by invariance under a local symmetry (U(1)) known as a gauge symmetry). However, it was not known how to describe the interactions of strongly interacting particles. Global symmetry were recognized as an important tool in their classification but there was the nagging feeling that something fundamental was missing. The bootstrap hypothesis of Chew[16] was proposing an entirely different approach to address the strong interaction of hadrons- which meant no role for perturbative field theory. This was disturbing since Quantum Field Theory (QFT) was so successful in QED.

The story of weak interaction was even more chaotic. While V-A current current theory was so successful in describing some of the observations it was not a fullfledged QFT, where one could calculate higher order processes. This was even more unsettling since unlike strong interactions which had coupling constant of order unity, experiments had established that weak forces were characterized by much smaller couplings (e.g. G_F ∼ 10^{−5} GeV^{−2}). Besides, it was unclear, where the dimensionality of GeV^{−2} in G_F ) had its origin.

D.1. Symmetries in weak interactions and the W boson

There were several tell-tale signs of something deep and beautiful in the observations of weak interactions that can be summarized as:

• The weak interactions of both the leptons known in the sixties i.e. e, μ, ν_e, ν_μ and hadrons without strangeness possessed could be parameterized in terms of a strength G_F . This suggested a kind of unity among different forms of weak interactions and perhaps an underlying symmetry.

• The V-A Lorentz character of the weak interaction is similar to the pure vector nature of electromagnetic interactions embodied in QED. Suspicions were raised in the early sixties by Schwinger and Glashow [17] that perhaps there was a local symmetry behind the weak forces. We elaborate on this below.

• The mass dimension of the current -current form of weak interactions suggested that just as the photon mediates electromagnetism, there might be a vector boson, called the W boson, that mediates weak forces. In fact weak mediator bosons in the GeV mass range were contemplated by Lee and Yang [18] in several of their papers.

A dominant question in the late sixties was whether there is an ultimate theory of weak forces that embodies all of the above listed properties . As noted earlier, it was already realized that there is a similarity between the quark currents generating symmetries of strong interactions and the leptonic weak currents, as note earlier. Could these leptonic symmetries form a Lie algebra of a symmetry group that would ultimately unify all weak processes into a single theory ? A related question was, whether the symmetry could be a local symmetry as in QED ? There were several basic obstacles to this point of view : first is that the photon is massless (which implies the observed fact that electromagnetic forces are long range forces unlike the weak forces which appears to operate only at a point (e.g. inside a nucleus in nuclear beta decays). Second, weak processes seem to involve change of electric charge of participating constituents forming thereby a current unlike to the electromagnetic current, which is electrically neutral. On the other hand, considering the Lie algebra of the weak currents, we also find a neutral current that must participate in the weak interactions i.e.

[J^+_0 , J^−_0 ] = J^0_0 (3)

There were two messages in this observations: a discouraging message that at the time, there was no evidence for any form of neutral current interactions in nature in the 1960s and an encouraging part that theories with non-abelian local symmetries like in Eq. (3) were already constructed in mid 1950s by Yang and Mills, which extended the possibility of local symmetric theories to the domain of weak interactions. These theories also provided a way to explain the observed universality of weak interactions. Such theories would also lead to the existence of charged vector bosons (as well as a neutral spin one boson) coupling to weak currents as was being contemplated in the phenomenological W-boson theories of weak interactions. The “bad news” however was that the Yang-Mills gauge invariance demanded that W-bosons be massless, just like the photon which is a major road block to extending gauge theories to the domain of weak interactions.

D.2. Constructing massive gauge theories

The idea that non-abelian gauge theories could be used to describe weak interactions was considered so attractive that several attempts were made in the late sixties and early 70’s to take the non-abelian gauge theories and “cure” its mass problem by simply adding a mass term for the vector bosons as a symmetry breaking term, to see what kind of theories they led to. Such theories, unlike massive QED were found to be non-renormalizable i.e. had more infinities than could be absorbed by the process of standard renormalization procedure and therefore unsuitable for being a consistent and predictive field theory of weak interactions. Unlike QED, such theories could not make any testable predictions.

Alternative techniques where vector boson masses in Yang-Mills theories were not put in by hand but were generated in a different way were discovered in the mid sixties through the works of Brout, Englert, Higgs, Guralnik, Hagen and Kibble [19]. They used the property that when local symmetries are broken by vacuum rather than by explicit terms in the Lagrangian, that also leads to nonzero mass for the gauge vector bosons. This process is known as the spontaneously broken gauge theories. It was however not known in the sixties, whether these models were renormalizable or not. In the early seventies, it was shown in a ground breaking paper by Gerhard ’t Hooft [20] that use of gauge freedom inherent in these theories makes it possible to explicitly demonstrate that the spontaneously broken gauge theories are indeed renormalizable and therefore expected to lead to theories where quantum corrections are finite and calculable. This major step made it meaningful to compare predictions from such theories with experimental results. The ’t Hooft observation thereby revolutionized the field of weak interaction.

E. Glashow-Weinberg-Salam (GWS) model of weak interaction

Although it was not known in the sixties whether gauge theories of weak interactions would be renormalizable, that did not stop Glashow, Weinberg and Salam[21] from proposing a gauge theory based on the SU(2)_L ×U(1)_Y group that at the lowest order had the right properties to describe the weak interactions involving known charged current and which is now referred to as the standard model of electroweak (EW) interactions. This model provides a unified description of both weak and electromagnetic interactions and has been thoroughly confirmed by experiments, the latest being the discovery of the Higgs boson at the LHC. Below, we give a brief overview of some of the symmetry aspects of the model. We omit the color quantum number[22] in our discussion since that does not pertain to weak interactions. Under the weak SU(2)_L × U(1)_Y group, the fermions of one generation are assigned as follows:(the numbers within the parenthesis denote the weak isospin I and hypercharge Y quantum numbers) Quark doublets : Q_L = ( u_L d_L ) (1/2, 1/3); (4) Lepton doublets : L = ( ν_L e_L ) ≡ (1/2, −1); Righthanded singlets : u_R(1, 4/3); d_R(1, −2/3); e_R(1, −2) where u, d, ν, e are the up, down quarks and the neutrino and electron fields respectively. The subscripts L, R stand for the left and right handed chiralities of the corresponding fermion fields. The electric charge of the particles is given by Q = I_3 +^Y_2 .

There are four gauge bosons W^±_μ , W^3_μ , B_μ associated with the four generators of the gauge group, The interactions of these gauge fields with matter (the quarks and leptons) are determined by the symmetry of the theory and lead to the current-current form for weak interactions via exchange of the W^± gauge boson. Before symmetry breaking, the gauge bosons and fermions are all massless. The masslessness of the gauge bosons is analogous to that of the photon in QED. Since fermion mass terms which are bilinears of the form ψ̄_Lψ_R connect the left and right chirality states of the fermion, such terms are also forbidden by gauge invariance since the left chiral states of fermions in SM are SU(2)_L doublets whereas the right chirality ones are singlets.

To give them mass, we adopt the model of spontaneous breaking of gauge symmetry by including in the theory scalar Higgs fields, ϕ(1/2, 1) which transform as doublets of the gauge group (or weak isospin 1/2). This allows Yukawa couplings of the form Q̄ϕd_R, ψ̄_Lϕe_R and Q̄ϕ̃u_R where ϕ̃ = iτ_2ϕ^∗ (τ_{1,2,3} denote the three Pauli matrices). If the gauge symmetry is broken by giving a ground state value to the field ϕ as < ϕ >= ( 0 v ) , this gives mass not only to all the fermions in the theory but

also to the gauge bosons W^± and to Z ≡ cos θ_W W_3 + sin θ_W B where θ_W = tan^{−1 g′}_g is the Weinberg angle, which is related to the gauge couplings of the weak and electromagnetic forces. Note < ϕ > leaves one gauge degree of freedom unbroken i.e. Q = I_3 +^Y_2 (where I_3 denotes the third weak isospin generator of the SU(2)_L gauge group) since Q < ϕ >= 0. Q can be identified as the electric charge and given the quantum numbers assignments to different particles, reproduces the observed electric charges of the particles of SM.

E.1. Key predictions of the standard model and its experimental confirmation

The standard model has many predictions for the gauge boson sector, as well as for the gauge interaction to fermions. To see this, we note that aside from the fermion sector, the model has three parameters that define the masses and interactions of the gauge bosons i.e. the two gauge couplings g, g^′ and the Higgs vacuum expectation value(vev) v in the ground state of the theory . Since electromagnetic interactions are generated out of the gauge interactions of the model, electric charge can be expressible in terms of the gauge couplings g, g^′ and the formula is: 1 e^2 = 1 g^2 + 1 g^{′2} (5) In terms of the Weinberg angle θ_W , we have g = e cosec θ_W and g^′ = e sec θ_W . The Fermi coupling is expressed in terms of the same parameters as :^{GF√}_2 =^1_{4v2} . This leaves us with sin^2 θ_W as the only unknown parameter. This parameter determines the structure of the neutral current couplings predicted by this theory. We also have the masses of the W^± and the Z boson that can be expressed as:

M_W = ev √ 2 ; M_Z = ev √ 2 cos θ_W (6) The form of the weak interaction Hamiltonian following symmetry breaking is :

H_I = g 2 √ 2 W^+_μ [P̄ γ^μ(1 − γ_5)V_{CKM} N + ν̄γ^μ(1 − γ_5)ℓ + h.c.] (7) + e sin θ_W cosθ_W Z_μ ∑ i ψ̄_iγ^μ(I_3 − Q sin^2 θ_W )ψ_i +h ∑ i m_i M_W ψ̄_iψ_i

where P̄ = P^†γ_0; P is a column vector given by P^T = (u, c, t), N = (d, s, b) , ℓ = (e, μ, τ) and ψ_i summed over all the fermions of SM; h is the Higgs field; V_{CKM} is the quark mixing matrix. Armed with this information, one can now test the model in experiments.

The first confirmation of the GWS model came from the discovery of the neutral weak interactions between neutrinos and quarks and electrons. Many observables were expressed in terms of only one unknown sin^2 θ_W and remarkably, all neutral current observations including quantum corrections[23] were fitted with only this one parameter, whose value was determined to be sin^2 θ_W = 0.233. Given the value of sin θ_W , the model predicted the value of the masses of the W and Z bosons to be 80 GeV and 91 GeV and soon experiments [6] discovered these particles with precisely the masses predicted by the standard model. Furthermore, the model predicts that flavor changing neutral current effects such as K_L → μ^+μ^−, K_L − K_S mass difference are suppressed to the observed level naturally without extra inputs or fine tuning of any parameters.

The standard model has a very interesting feature as far as including the violation of matter-anti-matter symmetry (or CP). CP violation in the kaon decays were observed in 1964[24] in the decays of the K meson the same particle whose decay property was also at the root of the discovery of parity violation. If the standard model has to provide a realistic description of observed phenomena, it must incorporate CP violation. Note that incorporating CP violation requires the presence of a complex phase in some interaction of the fermions in a field theory. Gauge symmetry ensures that neutral current interactions of the model conserve CP. For the Higgs doublet similarly, the couplings are automatically CP conserving. The only place for a complex phase is therefore the W^± interaction with the left handed (or V − A) current. In particular the way it could appear is in the mixing between the different quarks in the weak current. For instance, if the weak current is written as ūγ^μ(1 − γ_5)(d cos θ + e^{iδ}s sin θ), the complex phase δ will create asymmetry between the particle and anti-particle weak decays. However, since complex fermion fields can be redefined to absorb a phase from the interaction, introducing a physical CP phase that cannot be removed from the theory by redefinition of fields is highly nontrivial and puts constraints on the model. In fact very early in the development of gauge theories, it was shown that with two generations of quarks, standard model cannot incorporate CP violation [25]. It was subsequently shown in a prescient paper by Kobayashi and Maskawa[26] that if there are three generations of quarks, one can have a single nontrivial phase in the theory and theory will violate CP. This proposal was made before there was any evidence for the third generation of quarks, which were subsequently discovered in experiments at Fermilab[27] as well as the third generation charged lepton, the τ lepton, discovered at SLAC[28]. This Kobayashi-Maskawa theory was subsequently confirmed by many experiments[29] and replaced the old superweak theory of CP violation[30].

Final confirmation of the Glashow-Weinberg-Salam theory has come recently from the discovery of a Higgs like particle with a mass of 125 GeV at the Large Hadron Collider. Unlike the masses of the W and Z bosons, the mass of the Higgs boson, m_h is an arbitrary parameter of the standard model and not predicted by the theory. However, comparisions of the measured electroweak parameters with calculations from SM of the same parameters indicates that m_h must be in the 115 to 150 GeV range.There is a therefore, a strong belief that the newly observed 125 GeV particle is the Higgs boson. The Higgs boson is highly unstable which makes it difficult to detect among the trillions of end products such as quark jets, leptons, photons that are produced in such an energetic collision of proton beams. By the same token, since the standard model predicts very definite rates for its various decay modes, once the Higgs boson is detected, measurement of its various decay rates to different final states can be used to nail down down its true identity and finally confirm that the 125 GeV boson is indeed the Higgs boson of the standard model. Another reason for the euphoric excitement among particle physicists that followed the LHC results is that once this particle is confirmed, this will be the first, possibly not the last elementary scalar particle to be discovered in nature. In fact, there have been conjectures that similar scalar particles may also be at the heart of the cosmic expansion at the beginning of Big Bang known as inflation. Therefore, studying properties of the Higgs boson and search for other Higgs-like bosons are going to be the focus of future experimental and theoretical activity in the field for many years to come.

E.2. Puzzles of the standard model

The standard model is extremely successful in describing the observations both in the domains of weak as well as electromagnetic interactions at low energies. When supplemented by the gauge theory of color, the SU(3)_c, it accounts for many of the observed properties of strong interactions, e.g its low energy symmetries, its behavior at high energies etc. This theory involving color is known as Quantum

Chromodynamics and is accepted as the theory of strong interactions. The standard model still however faces a number of conceptual as well phenomenological problems.

At the phenomenological level, several observations cannot be accommodated within the standard model:

• Neutrinos are massless in the standard model; however, observations of the oscillation of neutrinos coming from the Sun and the cosmic rays has established beyond any doubt that neutrinos have mass. Furthermore during the past 15 years since the discovery and confirmation of neutrino oscillations, measurements of various neutrino mass differences and the mixings between various generations of neutrinos have been measured. They are similar to the mixings among different quarks of same electric charge which have been measured in many different accelerator as well as low energy experiments. The mixings among neutrinos were already discussed in the early sixties by Pontecorvo and Maki, Nakagawa and Sakata[31]. The neutrino oscillation measurements have raised new puzzles since the pattern of mixings among the neutrinos is very different from those among quarks [32].

• The existence of dark matter in the universe has been confirmed through a variety of cosmological and astrophysical observations. The fact that it is “dark” implies that there must be a new kind of particle that has no electromagnetic as well as strong interactions; on the other hand the fact occurs with a certain abundance requires that it has to have some other kind of interactions that allows this to happen. There seem to be no particles in the standard model that can play the role of dark matter and one must look beyond.

• Finally, fundamental theories of matter predict that there must also be antimatter accompanying matter. The early universe is therefore likely to contain matter and anti-matter in equal abundances. However, all observations on large as well as small scales in the universe have found no evidence for antimatter - only matter and that the density of matter is only a billionth of the photon density in the current epoch of the universe. There is no mechanism to understand this tiny asymmetry between matter and antimatter within the framework of the standard model which implies that there must be new physics beyond.

There are also conceptual difficulties with the standard model, in that it does not provide a prescription for all observations in terms of a few basic inputs without arbitrary adjustments of the input parameters, which could, in principle be a requirement for a truly fundamental theory.

(i) Foremost among the issues is the so called gauge hierarchy problem, which states that if there is no new physics just beyond the standard model except for the onset of quantum gravity, whose scale is the value of the Planck mass of M_P ≃ 10^{19} GeV, quantum effects are then most likely to set the mass of the Higgs boson to the very same scale of 10^{19} GeV, rather than 125 GeV where it seems to be and which would be expected if it is to describe the scale of weak interaction. The nature of any new physics beyond the standard model must not only keep the Higgs mass from shooting up sky high, but it must also keep it near 125 GeV after quantum effects of that additional contributions are included. At present an attractive theory that seems to go a long way to solving this problem is “supersymmetry”(or SUSY)[33]. A widely held belief is that the Large Hadron Collider should also provide evidence for supersymmetry. However so far it has failed to do so. In any case, the narrative of weak interaction we are focussing on in this review is not likely to be much affected by the presence and therefore, we will not discuss the fascinating subject of supersymmetry and its deep connection to gravitational forces.

(ii) Among other puzzles of the standard model, we can list the so called ”flavor problem” which proposes to confront the pattern of fermion masses and mixings in terms of fundamental symmetries; the strong CP problem which arises from a non-perturbative property of the QCD theory of strong forces, which introduces an arbitrary strength strangeness conserving time reversal violation into the theory for which there is no evidence. Clearly understanding this needs an extension of the standard model.

(iii) Finally, why are the weak interactions left handed rather than mirror symmetric as their other cousins, the strong, electromagnetic and gravitational forces. Could it be that at some fundamental level, weak interactions do really conserve mirror symmetry (parity) and fail to do so at low energies where they break parity symmetry. Two classes of suggestions have been proposed in response to this open issue.

(a) One class of models was first suggested in the famous Lee-Yang paper that proposed parity violation in weak interactions, according to which our universe must be accompanied by a parallel universe that contains identical matter and forces and under parity operation, particles in our universe transform into particles of the other universe where weak interactions are right handed. So when we include both universe together in our description of forces and matter, there is no mirror asymmetry. Since the particles of the other universe have forces to which particles of our universe are not sensitive, it looks like weak interactions break mirror symmetry. These classes of models are difficult to probe experimentally since the so called “mirror particles” that are part of the mirror reflected sector of our universe have no interactions with the force carriers of our universe (except for gravity) i.e. photons, gluons, W and Z bosons, etc.

(3b) The other class of suggestion arose after the discovery of gauge theories and proposes[41] that unlike the standard model that gauges asymmetrically the left handed matter, the ultimate theory has gauge forces that couple to both left as well as right handed matter (i.e. quarks and leptons) and we only see the interactions of left-handed matter because the analog of the W boson (the W_R boson) is much heavier than the known W or W_L boson thereby suppressing its four-Fermi interaction at low energies. We will see below that one may interpret the observation of neutrino mass as the first indication that such right handed forces exist in Nature. This leads to many new effects in the domain of weak interactions which are currently being actively searched for in experiments including the LHCand we discuss it in a separate section below.

F. Neutrino mass and going beyond the standard model

The first evidence for physics beyond the standard model came with the discovery of neutrino mass in 1998.

F.1. Discovery of the neutrino mass

For a long time, it was thought by many particle physicists that neutrinos are massless and travel with the speed of light. However, there were theoretical suspicion among a few e.g. the practitioners of the so-called left-right symmetric theories that I describe below that it is more natural for neutrinos to have mass. From time to time, there were also experimental hints for neutrino mass. However, first serious evidences started appearing from experiments on neutrino oscillation. In particular, from an experiment performed for many years by Ray Davis in a gold mine in Homestake, South Dakota where he was trying to detect neutrinos emitted from the sun. The energy in sunshine comes from a nuclear weak process in the core of the Sun where four protons and two electrons combine to eventually produce a Helium nucleus together with two electron neutrinos with energies in the KeV to about 14 MeV range. The expected solar flux of neutrinos was predicted by John Bahcall [35]. Davis’s initial results in mid sixties indicated that he observed about a third of the expected number of neutrinos[34]. Davis devoted most of his life to this experiment and always continued to get similar results. One way to understand his results is to assume that neutrinos have mass and oscillate from one species i.e. ν_e’s emitted from the core of the Sun to another say ν_μ in its journey to the Earth. Since the Davis experiment could not detect muon neutrinos, that would lead to a reduction of the solar flux. It is important to emphasize that for such oscillation to occur, neutrinos must have finite mass in contrast to the prediction of the standard model.

These results were confirmed in a brilliant experiment conducted in the Kamioka mine in Japan in 1998[36] where they not only observed a reduction in the solar neutrino flux (as Ray Davis did) but also in the flux of cosmic ray neutrinos (which consist dominantly of muon neutrinos) from the atmosphere. This established that not only electron neutrinos oscillated but also so did muon neutrinos. This was soon followed by searches for solar neutrino oscillations in an experiment in Sudbery mine in Canada (known as the SNO experiment[37]) and that for the reactor anti-neutrinos in Japan, known as KamLand experiment[38]. All of them have given a very clear picture that neutrinos have mass and they mix much like the quarks do , although with very different mixing angles.

Coming to grips with solar neutrino oscillations uncovered a new phenomenon involving neutrinos, which is the analog of refraction of light passing through glass. This arises from the scattering of neutrinos off matter as it passes through them. This is known as Mikheyev-Smirnov-Wolfenstein effect [39] and is a phenomenon always present to a small or large extent when neutrinos pass through matter.

Direct searches for neutrino masses by studying its effect on the endpoint of the energy spectrum of electrons emitted in beta decays of nuclei such as tritium have also continued, the latest being the KATRIN [40] experiment in Germany, however no positive signal has yet been observed .

F.2. Implications for theory

The fact that they have spin half means that massless neutrinos produced in one helicity state remain frozen in that state for ever. It was this observation that formed the foundation of the V-A theory of weak interactions. The argument is as the follows. A massless neutrino obeys invariance under the transformation ψ → γ_5ψ for the neutrino field. If the same transformation is assumed to hold for all fermion fields participating in weak interactions, it automatically implies that only left handed components of the fields can have weak interactions and hence the Lorentz structure of weak interactions must be V-A type and must maximally violate parity invariance. This of course raised the parity puzzle of why weak interaction is the only force that violates parity.

The intimate connection between the parity puzzle of weak interaction and neutrino mass becomes clear in the left-right symmetric models of weak interactions[41]. Since left-right symmetric models of weak interactions necessarily have right handed neutrinos, neutrinos automatically acquire masses through the same Higgs mechanism that gives mass to the quarks and charged leptons. The conceptual problem with this notion is that one would naively expect the neutrino masses to be of the same order as any of the quark or lepton masses. This is contradicted by experiments that discovered neutrino oscillations, which have established that neutrino masses must be less than an electron volt. This is many orders of magnitude smaller than expectations based on this naive reasoning.

F.3. Left-right symmetric models of weak interactions- a solution to the parity and neutrino mass problem

In this subsection, we discuss how one can provide simultaneous resolution of the parity puzzle as well as neutrino mass in the left-right symmetric (LRS) extension [41] of the standard model. The gauge group of the LRS model is: SU(2)_L × SU(2)_R × U(1)_{B−L} including discrete parity symmetry and with fermion assignments given by: Q_{L,R} = ( u d ) L,R (1/2, 0, 1/3) or(0, 1/2, 1/3); (8) ψ_{L,R} = ( ν e ) L,R ≡ (1/2, 0, −1); or((0, 1/2, −1) where the numbers in the parenthesis refer to the SU(2)_L, SU(2)_R and U(1)_{B−L} quantum numbers. Because under parity inversion, left-handed fermions go to right handed fermions, the above assignment is parity symmetric. The resulting weak interaction Lagrangian is given by: L_{wk} = i g 2 ( Q̄_L⃗τ . ⃗W^μ_L γ_μQ_L + ψ̄_L⃗τ . ⃗W^μ_L γ_μψ_L ) + L ↔ R (9)

If under parity inversion, W_L transforms to W_R, this Lagrangian conserves parity. However once symmetry breaking is turned on, the W_R will acquire a higher mass and introduce parity violation into low energy weak interaction. The effective weak interaction Hamiltonian below the W boson mass can be written as:

H_I = g^2 2M^2_{WL}

(J^{+,μ}_L J^−_{μ,L}) + g^2 2M^2_{WR} (J^{+,μ}_R J^−_{μ,R}) + h.c. (10) When m_{WR} ≫ m_{WL} , this weak interactions violate parity conservation almost maximally as the right handed current effects are suppressed by a factor^{m2WL}_{m2WR} . Given the accuracy in the tests of V-A theory at low energies therefore, one can obtain limits on the mass of W_R boson [42]. There are more recent detailed analysis of these limits which put a lower bound on the mass of W_R around 2.5 TeV. In addition, the theory can also accommodate left-right mixing terms, which also have limits on them.

The connection between spontaneous parity violation and small neutrino masses was first noted in [43]. It was pointed out that if the Higgs field that breaks the SU(2)_R × U(1)_{B−L} symmetry down to U(1)_Y of the standard model is so chosen that while giving mass to the W_R and the Z^′ boson, it also gives a Majorana mass M_R to the right handed neutrino, then the mixed left and right handed neutrino mass matrix acquires the form M_{ν,N} = ( 0 m_D m^T_D M_R ) (11) where each of the entries are 3×3 matrices. Diagonalisation of this mass matrix leads to a mass formula for the light neutrinos of the form

M_ν = − m_DM^{−1}_R m^T_D (12)

Note that since M_R corresponds to the right handed neutrino scale, it is not restricted by the standard model physics and can be large whereas m_D is proportional to the scale of standard electroweak symmetry breaking and therefore of the same order as the quark-lepton masses. Thus by making M_R large, we can obtain a very tiny neutrino mass matrix. This is known as the seesaw mechanism [44]. In the context of the left-right symmetric model, since W_R as well as N_R mass are proportional to the same scale, the smallness of the neutrino mass and suppression of the V+A current interactions are proportional to each other. In the limit that neutrino mass goes to zero, the weak interactions become pure V-A as in theories with γ_5 invariance. Thus the left-right seesaw models provide a connection between the path from massive to massless neutrino and the path from some V+A interactions to pure V-A weak interaction.

An important implication of the seesaw mechanism is that neutrinos are Majorana fermions i.e. they are their own anti-particles. As noted before since neutrinos are supposed to carry lepton number L = 1, neutrino and the anti-neutrino are supposed to have opposite lepton number; however, if neutrinos is its own anti-particle, this will clearly break lepton number by two units. One should search for experimental verification of this possibility, which will provide a first key test of the seesaw mechanism.

F.4. Majorana neutrinos and neutrino-less double beta decay

A subject s under a great deal of scrutiny now-a-days is the resolution of whether neutrinos are Majorana or Dirac particles. As noted above, one way to understand the tiny masses for neutrinos is via the seesaw mechanism which leads to Majorana neutrinos, a the neutrino mass term that violates lepton number symmetry by two units. One way to test this possibility is to search for nuclear as well as rare processes where such violation of lepton number occurs. It was suggested by Furry in 1939 [45] that there are certain nuclear rare decay processes where this could be tested. He pointed out that there are beta unstable nuclei (A, Z) in nature which are kinematically forbidden from decaying into (A, Z+1) via neutrons decaying to p + e^− + ν̄_e rather they can decay with two neutrons decaying to two protons whereby we have (A, Z) → (A, Z + 2) + e^−e^−ν̄_eν̄_e via second order weak interaction. Furry pointed out that if neutrinos are their own anti-particles, the two neutrinos emitted in the above second order weak interaction process “annihilate” each other leading to the so-called neutrino-less double beta decay process where (A, Z) → (A, Z + 2) + e^− + e^− and no neutrinos. The mass difference between the initial and final nuclei is then equally divided between the two electrons giving monoenergetic neutrinos with E_e =^1_2 (m_{(A,Z)} −m_{(A,Z+2)}) for each electron i.e. a spike in the plot of number of events vs total electron energy at the end point of the conventional two neutrino double beta decay. The two neutrino double beta decay was observed by Elliott , Hahn and Moe in 1995 [46] in the decay of Selenium nucleus (^{82}Se→^{82}Kr). The neutrino-less double beta decay has been searched for many years and is being searched for currently with impressive progress in^{76}Ge→^{76}Se,^{136}Xe→^{136} Ba,^{100}Mo →^{100}Ru, etc.

The observation of neutrino-less double beta decay (ββ_{0ν} ) will be a discovery of fundamental significance. Lepton and baryon number are two of the fundamental symmetries of the standard electroweak model. Searches for baryon number number violation have not been successful so far. Observation of neutrino-less double beta decay will establish that lepton number is violated by two units and will provide the first evidence one of the sacred conservation laws of the standard electroweak model is broken. This will be of major significance in our exploration of physics beyond the standard model[47].

Furthermore, since the neutrino contribution to neutrinoless double beta amplitude is proportional to its mass, a signal in ββ_{0ν} could be a direct measure of the neutrino mass. There could however be other heavy particle contribution to this process e.g. contributions from right handed W -bosons in combination with right handed neutrino Majorana mass or lepton number violation in supersymmetric theories etc. The latter effects can however be tested using the Large Hadron Colliders, thus making the search for ββ_{0ν} of much broader interest in particle physics than just the neutrino mass area.

F.5. Unsolved issues in neutrino mass physics

Studies of neutrino mass have become a gold mine for searches of new physics beyond the standard model. Despite the fact that non-zero neutrino mass itself is evidence of new physics, there are observations in neutrino oscillation physics that call for new ideas. One glaring example of of a point of interest is the diverse pattern of mixing between quarks and leptons. As noted earlier, the different generations of quarks mix among each other when they participate in the weak interactions. This mixing is known as the Cabibbo-Kobayashi-Maskawa (CKM) mixing [26]. This mixing has the property that it is hierarchical in pattern i.e. the weak interaction Lagrangian is characterized by a weak mixing matrix which is a unitary matrix whose diagonal elements are its dominant component and off diagonal ones are small. On the other hand, the corresponding mixing matrix in the lepton sector is far from hierarchical. In fact, if we denote θ_{12}, θ_{23}, θ_{13} as the mixing angles between the different generations of leptons (denoted in the subscript), we have θ_{23} ∼ 40^0 in the lepton sector whereas it is about 3^0 in the quark sector. Similarly, the mixing angle θ_{13} in the lepton sector is 9^0 whereas that in the quark sector is less than a degree. These diversity suggests that new physics in the quark and lepton sectors could be very different. Yet many models have been proposed which unify quarks and leptons and reproduce the diverse patterns purely out of the dynamics of the model. The full story behind these diverse patterns of mixing is however yet to be written.

Other unsolved issues pertain to the ordering of masses of neutrinos. Defining the pattern of quark and charged fermion masses as normal (which means that higher generations have higher masses), current results from oscillations are fully consistent with the neutrino mass patterns being either normal or inverted. Experimental efforts are under way to settle this issue. Similarly, it is not known if there is CP violation in the lepton sector. If intuition based on the quark observations can be trusted, one should expect that there will be CP violation among leptons. There are conjectures that this leptonic CP violation in a seesaw framework could explain the matter -antimatter asymmetry in the Universe, one of the fundamental mysteries of the standard model of particle physics.

Other new possibilities include the existence of new species of neutrinos which do not participate in conventional weak interactions, the so-called sterile neutrinos. At present there are anomalies that provide hints for this possibility although it is far from being confirmed. The existence of sterile neutrinos if confirmed will be another major revolution in this field and might force many of the current laws to receive substantial revision.

F.6. Applications to astrophysics and cosmology

With the progress of weak interaction theory, our understanding of the universe has also improved. This is a large topic and I will briefly mention a few examples. For instance, one of the observations about the universe today is its Helium content by mass, Y_p ≡^{fHe}_{fH +fHe} ≈ 0.24. In order to understand this observation within the Big Bang model of the universe, we first note that the expansion rate of the universe is given by the number of species both relativistic and non-relativistic which contribute to its energy content, which by Einstein’s equation for matter coupled to gravity determine its expansion rate. To understand the formation of Helium, the first thing to note is that we need to have a steady content of neutrons and protons so that nuclear reactions can combine neutrons and protons to form Helium. Second requirement is that the temperature of the universe at the Helium formation epoch must be low enough so that the nuclear reaction chain through which Helium is formed, must be allowed. Take for example Deuterium which is a step through which proton and neutrons combine before they reach the stage of Helium formation. Thus Deuterium must form before, one can have Helium formation. Deuterium has a binding energy of nearly 2.2 MeV . So if the temperature if the universe is above 2.2 MeV, any deuterium formed will break and Helium formation will be hampered. To see how the first condition is satisfied, note that if weak interaction rates are fast, the number of neutrons and protons keep changing due to the reaction ν +n → e^− +p and its inverse. In order for Helium formation to start, weak interactions must be slow enough so that these reactions fall out of equilibrium (i.e. cannot keep pace with expansion rate and will stop) keeping the neutron proton ratio fixed. It turns out that the weak interaction coupling is such that weak interactions go out of equilibrium around one MeV. This temperature being less than the Deuterium binding energy, deuterium can form without disintegrating, thereby facilitating the formation of Helium. This is a very rough picture but captures the essence of the idea. Taking Boltzmann distribution for the neutrons and protons at the freeze-out when weak process ν + n → e^− + p stops , one can predict a value for the Helium abundance observed. These ideas which form the basis of the modern understanding of the Helium, Deuterium and Lithium abundances today, have been refined and used to derive the number of neutrino species in particle physics and our understanding of weak interactions play a crucial role in this[48].

There are other areas of astrophysics where weak interactions are also believed to play an important role. For instance, one of the puzzles of the Big Bang theory is to understand the abundance of heavy elements on Earth. A plausible source is supposed to be the supernova explosions where in outer sphere during the explosion, neutrino interactions generate a neutron rich environment causing the formation of heavy elements via successive complex nuclear reactions. Here again, it the weak interaction forces which play a key role. Other possibilities include the reason for the supernova explosion itself which could have possibly been caused by the coherent neutrino neutral current scattering against heavy nuclei. Thus further understanding of weak interaction phenomena can shed light on these and other cosmological and astrophysical issues.

G. Summary

The field of weak interactions has been a vibrant field for the past century and with the advent of its description in terms of the standard model, has represented a major triumph of perturbative quantum field theory. Through weak interactions, we have been able to get a glimpse of the underlying symmetries of quarks and leptons and their realization in nature. Local symmetries have now become the cornerstones of these theories. Weak interactions may have taught us about the origin of all mass in the universe i.e. the so-called Higgs mechanism. The second phase in the history of weak interactions likely began with the discovery of neutrino oscillations more than decade ago. If the seesaw model for neutrino masses is correct, it will represent another source of mass in the universe. This, in turn, is opening up the possibility of new symmetries of nature, whose confirmation will have profound implications in our journey to explore the mysteries of the universe. This process may also reveal the secrets behind some of the deep unsolved puzzles such as the origin of matter in the universe including the dark component of the matter which exceeds the visible component by a factor of five. The quest for an ultimate theory of nature continues, and weak interactions may be leading the way.

Acknowledgement

This work has been supported by the National Science Foundation grant No. PHY- 0968854. I thank E. Henley and Tom Ferbel for reading the manuscript and suggesting many improvements.

I. REFERENCES CITED

[1] T. D. Lee and C. -N. Yang, Phys. Rev. 104, 254 (1956).

[2] C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes and R. P. Hudson, Phys.

Rev. 105, 1413 (1957).

[3] E. C. G. Sudarshan and R. E. Marshak, Proceedings of the Padua-Venice conference, September, 1957; Phys. Rev. 109, 1860 (1958); R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 (1958).

[4] M. Goldhaber, L. Grodzins and A. W. Sunyar, Phys. Rev. 109, 1015 (1958).

[5] M. Gell-Mann, Phys. Lett. 8, 214 (1964); G. Zweig, CERN Geneva - TH. 401 (REC.JAN. 64) 24p

[6] G. Arnison et al. Phys. Lett. 126 B, 398 (1983); P. Bagnaia et al. Phys. lett.

129 B, 130 (1983); G. Arnison et. al. Phys. Lett. 129 B, 273 (1983).

[7] G. Aad et al. [ATLAS Collaboration], arXiv:1207.7214 [hep-ex]; S. Chatrchyan et al. [CMS Collaboration], arXiv:1207.7235 [hep-ex].

[8] G. Danby, J.-M. Gaillard, K. Goulianos, L. M. Lederman, N. B. Mistry, M.

Schwartz, J. Steinberger Phys. Rev. Lett. 9, 36 (1962).

[9] A. Gamba, R. E. Marshak, and S. Okubo, Proc Natl Acad Sci (U S A.) 45:

881885 (1959).

[10] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

[11] J. D. Bjorken and S. L. Glashow, Phys. Lett. 11, 255 (1964).

I–24

[12] R. N. Mohapatra, J. S. Rao and R. E. Marshak, Phys. Rev. Lett. 20, 1081 (1968);

Phys. Rev. 171, 1502 (1968); B. L. Ioffe and E. P. Shabalin, Sov.J.Nucl.Phys.,6, 603 (1968).

[13] S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D 2, 1285 (1970). [14] J.J. Aubert et al. , Phys. Rev. Lett. 33 1404 (1974). [15] J.-E. Augustin et al. Phys. Rev. Lett. 33, 1406 (1974). [16] G. F. Chew, UCRL-11163; Phys. Today 23N10, 23 (1970). [17] S. L. Glashow, Nucl. Phys. 22, 579 (1961). [18] T. D. Lee and C. -N. Yang, Phys. Rev. 119, 1410 (1960).

[19] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964); P. W. Higgs, Phys.

Lett. 12, 132 (1964); G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13, 585 (1964).

[20] G. ’t Hooft, Nucl. Phys. B 35, 167 (1971); G. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B 44, 189 (1972).

[21] S. L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam, Proceedings of the Nobel symposium, ed. N. Svartholm et al (1968).

[22] O. W. Greenberg, Phys. Rev. Lett. 13, 598 (1964); M. Y. Han and Y. Nambu.

Phys. Rev. 139, B1006 (1965).

[23] W. J. Marciano and A. Sirlin, Phys. Rev. D 22, 2695 (1980) [Erratum-ibid. D 31, 213 (1985)].

[24] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

[25] R. N. Mohapatra, Phys. Rev. D 6, 2023 (1972).

[26] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). [27] For a history of the discovery of the b-quark, see L. M. Lederman, AIP Conf.

Proc. 424, 26 (1997); F. Abe et al. (CDF Collaboration) (1995).Phys. Rev. Lett. 74 2626 (1995); S. Abachi et al. (D Collaboration) (1995). Phys. Rev. Lett. 74, 2422 (1995).

[28] M. L. Perl et al. Phys. Rev. Lett. 35, 1489 (1975).

I–25

[29] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 87, 091801 (2001);

K. Abe et al (Belle Collaboration), Phys. Rev. Lett. 87, 091802 (2001). [30] L. Wolfenstein, Phys. Rev. Lett. 13, 562 (1964).

[31] B. Pontecorvo, J.Exptl. Theoret. Phys. 34, 247 (1958); [Sov. Phys. JETP 7 (1958) 172]; Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962) ; V. Gribov and B. Pontecorvo, Phys. Lett. B28, 493 (1969).

[32] For a historical review of the developments in neutrino physics, see S. M. Bilenky, arXiv:1210.3065.

[33] For a review of supersymmetry, see H. E. Haber and G. L. Kane, Phys. Rept.

117, 75 (1985).

[34] R. Davis, B. T. Cleveland and J. K. Rowley, AIP Conf. Proc. 123, 1037 (1984). [35] J. Bahcall, Neutrino Astrophyscs, Cambridge University Press (1989). [36] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1158 (1998) [Erratum-ibid. 81, 4279 (1998)].

[37] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011301 (2002) [38] T. Araki et al. [KamLAND Collaboration], Phys. Rev. Lett. 94, 081801 (2005). [39] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); S. P. Mikheev and A. Y. .Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985) [Yad. Fiz. 42, 1441 (1985)].

[40] T. Thummler [KATRIN Collaboration], arXiv:1012.2282 [hep-ex]. [41] J. C. Pati and A. Salam, Phys. Rev. D 10, 425 (1974); R. N. Mohapatra and J.

C. Pati, Phys. Rev.D 11, 566, 2558 (1975); G. Senjanović and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975).

[42] M. A. B. Beg, R. V. Budny, R. N. Mohapatra and A. Sirlin, Phys. Rev. Lett. 38, 1252 (1977) [Erratum-ibid. 39, 54 (1977)]; for recent discussion, see P. Herćzeg, Prog. Part. Nucl. Phys. 46, 413 (2001).

[43] R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980). [44] P. Minkowski, Phys. Lett. B 77, 421 (1977); M. Gell-Mann, P. Ramond and R.

Slansky, in Supergravity, eds. D. Freedman et al. (North-Holland, Amsterdam, 1980); T. Yanagida, in proc. KEK workshop, 1979 (unpublished); S. L. Glashow, Cargese lectures, (1979); R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

I–26

[45] W. H. Furry, Phys. Rev. 56, 1184 (1939).

[46] S. R. Elliott, A. A. Hahn and M. K. Moe, Phys. Rev. Lett. 59, 2020 (1987).

[47] For a review and collection of original articles, see Sixty years of double beta decay, ed. H. Klapdor-Kleingrothaus, published by World Scientific (2000); S. R. Elliott and P. Vogel, Ann. Rev. Nucl. Part. Sci. 52, 115 (2002) [hep-ph/0202264]; S. M. Bilenky, A. Faessler, W. Potzel and F. Simkovic, Eur. Phys. J. C 71, 1754 (2011) [arXiv:1104.1952 [hep-ph]].

[48] For a recent review, see G. Steigman, arXiv:1208.0032 [hep-ph].

I–27