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Abstract 

A rough sketch of the story of the building up of the ‘periodic table’ of Standard Model is presented, starting with the discovery 

in 1897 of the first elementary particle, the ubiquitous electron, in a table-top experiment with a simple cathode ray tube and 

ending in 2012 with the discovery of the equally ubiquitous Higgs Boson, at the Large Hadron Collider (LHC), a machine with 

27 km circumference, with the help of detectors which were also equally gigantic. This journey of what lies at the heart of the 

matter has been driven by our increasing understanding of how the fundamental pieces are held together to make the whole. 

Hence, this saga is as much about the discovery of the elementary particles of the SM as that of arriving at an understanding 

of the fundamental interactions that exist among them! 

 

Changing ideas about elementarity  

The quest for understanding the fundamental constituents 

at the heart of all matter began with the ancient Greeks like 

Empedocles who proposed that everything was made of four 

elements: earth, air, fire and water. The Indian philosophers 

believed in the “Panchamahabhootas” (five materials), 

incorporating the element of space (“akaash” in Sanskrit). To 

be sure, these philosophical proposals were not as rooted in 

empirical study as we might like today. Rather, they illustrate 

the importance, to the thinkers of those times, of the quest to 

understand what lies at the heart of the matter, whether there 

are fundamental building blocks and if so, how they are 

assembled. These ancient goals have been important drivers 

of the development of chemical and physical sciences as we 

know them today. Newton famously set forth the importance 

of experimental verification before an idea could be 

established as truth. In his book Opticks, he set down the 

agenda for the study of fundamental physics thus: “Now the 

smallest Particles of matter may cohere by the strongest 

attractions and compose bigger particles of weaker 

virtue...There are therefore agents in nature able to make 

particles of Bodies stick together by very strong attractions 

and it is the Business of experimental Philosophy to find them 

out”. 

The scientific study of the atomic theory, as we know it today, 

began with Dalton in 1803, who began with the 

thermodynamic description of the three states of matter: solid, 

liquid and gas. Over the following two centuries, the objects 

of study passed from molecules to elements and their 

associated atoms, as proposed by Mendeleev in his periodic 

table in 1869. The journey investigating the structure of an 

atom truly began with the discovery of radioactivity by 

Becquerel in 1896, for which he received a Nobel prize in 

1903. In fact, the atomic weights being all approximately 

multiples of that of hydrogen had already indicated that the 

hydrogen atom might be the basic unit of all. 

After the discovery of the electron by J.J. Thomson in 1897 

and of the nucleus by Rutherford in 1911, nuclei and electrons 

replaced atoms as the candidate fundamental constituents of 

matter. In 1920, Rutherford discovered that the hydrogen 

nucleus can be produced in a nuclear reaction and suggested 

that it may be a basic unit and termed it as proton. 

Measurements of nuclear properties led to our current 

understanding that nuclei are composite, being made up of 

nucleons (neutrons and protons). Meanwhile, the study of 

disintegrating nuclei (radioactive decay) and of cosmic rays, 

led to the discovery of additional particles: neutrinos 

(electrically neutral and anomalously light), muons (similar to 

electrons but heavier), and a large collection of additional 

particles generically called mesons and baryons. Later, it was 

understood that the mesons and baryons (the latter including 

protons and neutrons) are in turn made of up of more 

fundamental objects called quarks. In particular, nucleons are 

made up on two types of quarks: the “up” (𝑢) quark and the 

“down” (𝑑) quark. The proton is a bound state of three quarks 

of the type 𝑢𝑢𝑑, whereas the neutron is 𝑢𝑑𝑑. Meanwhile, 

electrons, muons and neutrinos (collectively called “leptons”) 

remained on the list of “elementary” or “fundamental” 

particles. 
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Figure 1: Fundamental constituents through the ages. 

A doubling of the list of elementary particles was provided by 

the discovery that each particle has an associated “anti-

particle” with the same mass and spin, but the opposite sign of 

electric charge and/or other quantum numbers. Thus, to 

electrons are associated positrons, and to quarks, anti-quarks. 

Even a neutral but composite particle like the neutron has a 

distinct anti-particle, the anti-neutron. 

Electrons and quarks have, until today, stubbornly resisted any 

attempt to ascribe a sub-structure to them. For both of them, 

the current “direct” experimental upper limit on their size is 

~10–18 cm. Figure 1 depicts the changing concept of what was 

elementary through the last two centuries.   

Fermions and Bosons 

As we understand the situation today, the elementary “matter” 

particles are leptons and quarks. Electrons and neutrinos 

provide surprisingly good prototypes for all the leptons: the 

others are in some sense just heavier copies of these. Indeed, 

electrons and electron-neutrinos are said to be the “first-

generation” leptons, and there are two more generations that 

we will discuss as we go along. Remarkably, quarks follow 

the same pattern of repeating generations. The 𝑢 and 𝑑 quarks 

that make up nucleons form the first generation, and again 

there are precisely two more generations that are essentially 

heavier copies of these. The different species of leptons and of 

quarks are sometimes referred to as “flavours”. 

Elementary particles are characterised by very few intrinsic 

properties: their electric charge, mass and internal angular 

momentum (spin). All leptons and quarks have spin 
1

2
ℏ, the 

minimum allowed non-zero quantum of angular momentum. 

Leptons have electric charges −|𝑒| (for the electron), |𝑒| for 

the positron, the anti-particle of the electron, and 0 for the 

electron-neutrino. Subsequent generations have identical 

charge assignments. Quarks differ in that they have fractional 

electric charges (in units of the electron’s charge): 
2

3
|𝑒| for the 

𝑢 quark and −
1

3
|𝑒| for the 𝑑 quark, with the pattern again 

repeating for higher generations. 

A peculiar property of the quarks is that they occur not just in 

three generations (differing in mass) but within each 

generation, they occur in three copies (with identical masses), 

called “colours”. The reason for this multiplicity is now 

understood in terms of the structure of the strong interactions. 

Of course, it is not enough to know that quarks and leptons are 

the fundamental constituents. It is important to understand 

how they interact among themselves. We now know that there 

are just four fundamental interactions among these particles, 

which in turn are mediated by additional elementary particles. 

In this article, we talk only about three of these four: Strong 

interactions which hold the neutrons and protons (nucleons) in 

the nucleus and the quarks inside the nucleons, the 

electromagnetic interactions which bind electrons to nuclei to 

form atoms and the weak interactions which cause radioactive 

decays of nuclei or the decay of the µ or τ, for example. 

As per our current understanding, all the interactions are 

mediated by force carriers which themselves are elementary 

particles with integral spin 1 in units of ℏ. They are called 

gauge bosons. Interactions between electrically charged 

particles are mediated by photons. The force carriers that 

mediate the weak interactions are called 𝑊 and 𝑍 bosons, 

whereas those that mediate the strong interaction are “gluons”. 

These carriers interact not just with leptons and quarks but also 

with each other: for example, the electrically charged W-boson 

interacts with photons and with itself, but not with gluons. 

The Standard Model of particle physics encapsulates our 

current understanding of the fundamental constituents and the 

mathematical description of their interactions. It may seem 

from the above that the SM contains only spin-
1

2
 (matter) and 

spin-1 (force carrier) particles. The former obey Fermi-Dirac 

statistics and are called fermions, whereas the latter obey 

Bose-Einstein statistics and are called bosons. As it turns out, 

there is an additional boson in the SM, the spin-0 “Higgs 

boson”. Besides experiencing the weak interaction, it has 

special interactions with the fermions called “Yukawa 

couplings'”. These play a crucial role in providing mass to the 

fermions. To the extent that we think of interactions as forces 

either holding things together or causing things to decay, it 

still seems reasonable to classify the Higgs separately from the 

gauge bosons. 

Thus, the periodic table of the SM consists of the spin-
1

2
 matter 

particles: the quarks, the leptons and their anti-particles, the 

spin-1 gauge bosons: the photon, 𝑊 and 𝑍 bosons and gluons, 

and the spin-0 Higgs boson. Table 1 lists the fermions. We 

note here a curious property: the neutrinos labelled 𝜈𝑒 , 𝜈𝜇, 𝜈𝜏   

are the ones produced in association with electrons, muons and 

𝜏-leptons. However, they do not have definite masses. Instead, 

certain linear combinations of them called 𝜈1 , 𝜈2, 𝜈3 have 

definite masses.
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The quarks and leptons are grouped together in three doublets 

representing three generations, the members of the successive 

generations being heavier. The quarks also have an additional 

attribute called colour and those too are three in number. The 

grouping into doublets will turn out to be central to the way 

the weak interactions operate. Looking at the masses of these 

fermions, available at https://pdglive.lbl.gov/, we see a wide 

variation in their masses. In case of quarks, they vary from 

0.002 GeV for the 𝑢-quark to 173 GeV for the 𝑡-quark. If one 

looks at the masses of all the leptons and quarks, the range of 

variation is from ~10–9 GeV for the ν𝑖 to 173 GeV for the 𝑡, 

around 11 orders of magnitude!  

Table 1: Elementary fermions of the Standard Model, all of 

spin 
1

2
 .The antiparticles form a similar table. 

Quarks Leptons 

(
𝑢
𝑑
) (

𝑐
𝑠
) (

𝑡
𝑏
) 

× three colours 

(
νe

𝑒
) (

νμ

μ ) (
ντ

τ
) 

Mass eigen states 𝜈1, 𝜈2, 𝜈3 

The similarity between the properties of the 𝑒− and the μ− had 

led Rabi to wonder “who ordered the muon?” In many ways, 

such questions are still unanswered. However, the 

mathematical properties of the SM tell us that the number of 

quark and lepton generations should be exactly the same. This 

seems to be borne out in Nature. 

The particles that constitute the matter around us are just the 

up and down quarks and the electrons, along with the 

ubiquitous electron-neutrinos νe that are produced inside the 

sun in fusion nuclear reactions responsible for the generation 

of solar energy. These are all first-generation particles. The 

second-generation leptons are the muon and the muon-

neutrino, whereas the quarks are the “strange quark” 𝑠, which 

is relatively light (and often studied together with 𝑢 and 𝑑), 

and the heavier “charmed quark” 𝑐. The third generation of 

leptons are the 𝜏-lepton and its associated neutrino, as well as 

the “top quark” and “bottom quark”. The heavier quarks 𝑐, 𝑏, 𝑡 

and leptons μ, τ and their associated neutrinos are produced in 

the decays of nuclei or unstable particles or in high energy 

processes. 

Table 2: Elementary bosons of the Standard Model. For the 

available information on the properties of these particles as 

well as those in Table 1, see https://pdglive.lbl.gov/.  

Electromagnetic and 

weak (Spin 1) 

Strong 

(Spin 1) 

Higgs 

(Spin 0) 

γ (photon) 𝑔 (gluons) ℎ (Higgs) 

𝑊±, 𝑍 (weak bosons)   

Returning to interactions, the quarks interact with all the 

bosons shown in Table 2. The charged leptons interact with 

γ,𝑊±, 𝑍 and the neutral leptons interact only with 𝑊± and 𝑍. 

Those interactions mediated by the 𝑊± change the electric 

charge of the fermions. The Higgs ℎ interacts with all the 

fermions and the 𝑊/𝑍. The γ, 𝑔 are massless whereas the 

𝑊,𝑍, ℎ are all massive with masses ~𝒪 (100) GeV. 

The relationship between our increasing knowledge of how 

different constituents are put together at a given level of 

substructure, and the presence of structures at shorter distance 

scales, is extremely interesting. For this reason, while tracing 

the history of how our current understanding of the 

fundamental matter constituents came about to be, we must 

also follow how our understanding of fundamental 

interactions evolved. This intertwining of the two strands is 

perhaps the most interesting part of the story. 

How did we know what lies within? 

Historically, there are two main ways in which this joint 

development of understanding the constituents and 

interactions among them has proceeded. One is by looking at 

the systematics of the static properties of the system such as 

masses, spins, magnetic moments, life times, etc., whereas the 

second approach uses the scattering of a probe off a 

macroscopic body to get information about its structure. As 

we will see in the following discussions, some particles like 

the 𝜇−, 𝜏−  were discovered accidentally and these discoveries 

stimulated new theoretical developments, whereas for some 

others, the properties of new particles such as spin, 

electromagnetic charges, interactions and some times even 

masses were predicted precisely by the theoretical structures 

already put together and then these were sought and found 

with varying degrees of effort. Examples of these are the 

𝜋, 𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏, the heavier quarks 𝑐, 𝑏, 𝑡 and the 𝑊±, 𝑍 as well as 

the Higgs boson. In the case of the lighter quarks 𝑢, 𝑑, 𝑠, their 

existence was inferred from a study of static properties of 

baryons and mesons and then they were ‘discovered’ in 

scattering experiments. It is this saga that we will try to follow 

in the next part of this article. The discussion may not always 

be chronological as the early period of this story was 

extremely eventful and many things happened simultaneously. 

The first leptons and the photon 

The electron was the first entry into this periodic table written 

down in 1897. Its discovery was somewhat accidental [1] but 

its properties turned out to match those of a particle previously 

proposed by G.H. Stoney in 1894 and named, by him, the 

electron.   

The possible existence of these units of electricity had been 

inferred from the observed patterns and systematics of 

electrolysis experiments by Faraday. Thomson, in his 

experiments, was able to establish the ‘corpuscular’ nature of 

the cathode rays by subjecting them to electric and magnetic 

fields. Further, he was also able to determine the ratio of the 

charge to mass (𝑒/𝑚) for these corpuscles and found it to be 

very different from that for a Hydrogen Ion indicating 

therefore that this was a new kind of particle. Thus, in some 

sense, Thomson had ‘split’ the atom. Lorenz then calculated 

the splitting of atomic spectral lines in the presence of a 

magnetic field. Measurements of this splitting by Zeeman 

matched with the predictions, using the value of 𝑒/𝑚 

measured by Thomson for an 𝑒− in the atom. Becquerel in 

1899 also confirmed that the β rays emitted by radioactive 

elements were indeed electrons. Thus, this completed the 

transition of an 𝑒− from a postulated particle to a physical 

reality.  This took five years.  As we will see later for particles 

https://pdglive.lbl.gov/
https://pdglive.lbl.gov/
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like the Higgs boson this period was substantially longer. It 

should be noted that Thomson's success where his 

counterparts on the Continent failed, was partially due to the 

much better level of vacuum in his vacuum tube. This is an 

example of the tight connection between advanced technology 

and discoveries in basic sciences, particularly in particle 

physics. This is similar to the experience of the Indian 

researchers who, unfortunately, missed a chance to discover 

the pion as mentioned elsewhere in this issue. 

The next fundamental particle to be “discovered”' was the 

photon, the quantum of radiation. The success of Einstein's 

theory of the photoelectric effect provided a proof of the 

existence of “particles of light” and the Compton effect 

demonstrated it conclusively. As is well-known, the quantum 

theory of radiation and the dual wave-particle nature of the 

light implied by it led to the development of quantum 

mechanics. The quantum mechanical description of an 

electron consistent with the special theory of relativity was 

provided by the Dirac equation, which in turn led to the 

prediction of an anti-particle [2], the positron. Anderson was 

awarded a Nobel prize in 1936, for the discovery of positrons 

in cosmic rays [3]. He shared the prize with Victor Hess who 

received it for pioneering cosmic-ray studies, about which 

much has been said in other articles in this issue. The positron 

is the first of the many elementary particles whose existence 

was predicted by a symmetry principle, the invariance in this 

case being that under CPT transformations, the combined 

operation of charge conjugation C, Parity P and time reversal 

T. We will meet many of such particles as we go along in this 

story. 

The discovery of the positron kicked off an era in which 

cosmic-ray experiments constituted the highest energy 

laboratory available to particle physicists. The second charged 

lepton in our periodic table, μ, appeared in these experiments, 

unannounced and unexpected [4]. Even though the existence 

of this particle, whose mass is intermediate between that of a 

proton and an electron, came as a surprise, the knowledge of 

its existence and study of its properties provided a major 

impetus to subsequent progress. Its lack of strong interactions 

with nuclei and relatively long lifetime of about 2.2 μs was 

one of the first instances where an interaction other than the 

electromagnetic and the strong nuclear interaction was evident 

in an environment not involving nuclear decay. For a while it 

was incorrectly identified with the force carrier postulated by 

H. Yukawa [5] but this, the pion, was discovered later in the 

same cosmic-ray experiments as discussed in some details 

elsewhere in this issue. The architect of some of India's 

premier research institutions as well as that of its atomic 

program, Homi J. Bhabha, played an important role in the 

story of μ. The third-generation lepton was discovered much 

later and we will pick up its story separately later. The story 

of the neutral leptons, the neutrinos, is better discussed along 

with that of the nucleus which we proceed to do next. 

The nucleus, neutron and neutrino 

Between the discovery of the electron in 1897 and that of the 

muon in 1937, some other constituents of matter announced 

their presence in scattering experiments. Like the muon, these 

too were unheralded and came as a surprise. The discovery of 

the nucleus [6] happened through the observation of large 

angle scattering of α particles [7]. 

The α rays from a radioactive source were scattered from a 

thin gold-foil and the detector was Zinc-sulphide and a 

telescope to observe scintillations produced when the 

scattered α particle struck it. This experiment reported 

“diffuse reflection” and showed that about 1 in 20,000 of the 

incoming particles were deflected through an average angle of 

90°. The thinness of the foil showed that the observed large-

angle scattering could not have been made up of a large 

number of small-angle scatterings. This result could be 

understood naturally if the positive charge in the atom was 

concentrated in a very small region and not spread over the 

entire atom as in the model of Thomson.  

This experiment and its interpretation shaped physics for the 

ensuing century. Almost all modern-day experiments hunting 

for elementary constituents of matter are a more elaborate 

version of the same beam, target and detector arrangement. 

The natural explanation provided by Rutherford [6] about the 

positive charge of the atom being concentrated in a small 

region called the Nucleus, is the first time that results of a 

scattering experiment were interpreted to infer something 

about the size of the scattering centres. As we shall see, 

essentially the same process has provided us ‘insights’ into the 

‘structure of matter’ beginning from the ‘discovery’ of a 

Nucleus in the atom to the discovery of ‘quarks’ in a proton. 

Patterns in nuclear charge and mass measurements and in the 

studies of X-ray spectra by Moseley, gave hints about the 

constituents of a nucleus. The suggestion that along with 

protons, a general nucleus contains electrically neutral 

particles with almost the same mass, the so-called neutron, 

came from Rutherford. The high energy of the `penetrating 

neutral' radiation observed by Chadwick [8] in the scattering 

reaction α+9𝐵𝑒 → 12𝐶 + 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛, could be understood 

only if the emitted radiation was interpreted as a neutral 

particle with almost the same mass as that of a proton. If the 

radiation was interpreted to be electromagnetic and hence a 

photon, then the observed high energy would have required 

the energy of the α radiation to 50 MeV, a clear impossibility. 

This then was the discovery of the neutron. Following this 

discovery, the suggestion of D. Iwanenko [9] that the nucleus 

is a composite object made up of neutrons and protons gained 

acceptance. 

Let us now return to the nuclear β decays, which played a 

pivotal role in future developments. These were found to have 

a continuous energy spectrum. The discovery of the dynamics 

and interactions at the nuclear level was aided by 

developments in quantum mechanics and special relativity, 

which helped explain, from first principles, various 

phenomena at the nuclear level such as α-decay and α-particle 

scattering from nuclei. But the continuous energy spectrum     

of the β decays made it difficult to understand it as a transition 
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between different energy levels of nuclei, whatever a nucleus 

may be. 

At this point, around 1932, a list of fundamental particles 

would have included the proton, neutron, electron and photon. 

A fifth particle was tentatively being considered for addition 

to the list: the neutrino. In his famous 1930 letter addressed to 

“Radioactive ladies and gentlemen”, Pauli said he was 

compelled to hypothesise a neutral particle of mass 

comparable to that of the electron, that was present emitted 

together with β-radiation. This would reconcile the spin 

measurements of stable nuclei with the spin-statistics relation 

(to which he referred as the “exchange theorem”) and also 

reconcile the continuous energy spectrum for β radiation, 

reported first by Chadwick, with energy-momentum 

conservation. 

Since energy-momentum conservation follows from an 

invariance principle (invariance under translations of time and 

space), Pauli's neutrino postulate can be thought of as the first 

example of an invariance principle predicting a new particle. 

This logic has been repeated and successfully used on the 

journey towards understanding the fundamental constituents 

of matter. It underlies the interplay between the understanding 

of the dynamics at a given level of structure and finding new, 

more fundamental, constituents/particles/interactions.  

The ν introduced here is the ν𝑒. In fact, lepton number 

conservation meant that the neutral particle emitted along with 

𝑒− in β decay was ν�̅�. Experimentally, the existence of ν𝑒 was 

demonstrated only in 1956, by showing that ν�̅� from reactors 

produces 𝑒+ in the inverse β decay reaction:                               

ν�̅� + 𝑝 → 𝑒+ + 𝑛. Here, 𝑒+ was detected via its annihilation 

with 𝑒− in the water target, through the production of a photon 

pair. 𝑛 was detected via γ emission in the process 

𝑛 + 108𝐶𝑑 → 109𝐶𝑑∗ → 109𝐶𝑑 + γ. The coincidence between 

the pair-produced photons and the delayed photon from the 

latter reaction completed this ‘direct’ experimental 

demonstration of the existence of ν𝑒 [10]. 

Light quarks and gluons 

First coming of quarks 

As discussed elsewhere in the issue, by 1947 it was clear that 

there existed two separate mesons: the heavier electron μ and 

strongly interacting π. Thus, half a century after the discovery 

of the first elementary particle, the 𝑒−, the list of elementary 

particles would have been 𝑒±, γ, 𝑝, 𝑛, �̅�, �̅�, π±, μ±and ν. The 

discovery of the neutron brought up a curious fact: both the 

proton and neutron have approximately the same mass (the 

current values are 𝑚𝑝 = 938.3 MeV and 𝑚𝑛= 939.5 MeV) and 

exactly the same spin, 
1

2
. Moreover their nuclear interactions 

are closely related. These facts led Heisenberg [11] to 

introduce the idea of “isotopic spin symmetry” (today known 

as “isospin”) and proposed that the proton and the neutron are 

like two states of a common object, the nucleon, differing only 

in the value of a quantum number, and therefore physics 

should be invariant under the exchange of protons and 

neutrons. This is completely analogous to the two states of 

spin 
1

2
 electron forming a doublet and having the same energy 

in the absence of a special direction such as a magnetic field. 

It became clear later that the rotation in this ‘isospin’-space is 

symmetry only of strong interactions and that too an 

approximate one. In the language of group theory, this was a 

global, 𝑆𝑈(2) symmetry of the strong interaction. An 

extension of the same further led to the Eightfold Way which 

was the next big step in this journey. 

Post 1947, the high energy cosmic-ray experiments as well as 

with the man made accelerators, capable of accelerating 

particles from few hundred MeV to ∼3 GeV at the 

‘Cosmotron’ at the Brookhaven National Laboratory, kept on 

reporting on the evidence of more and more unstable particles, 

including charged ones, that decayed into each other and into 

protons/neutrons or mesons [12]. These were dubbed “strange 

particles” as the strengths of interaction responsible for their 

production and decay were different. Further, this was an 

example of a weak decay which does not involve ν’s. These 

strange particles contained the baryons with spins 
1

2
,
3

2
 and 

masses similar to that of the $p/n$ like the Λ, Σ, etc., as well as 

mesons with integral spins 0,1 with masses intermediate 

between the leptons and baryons, like the 𝐾±, 𝜌, etc., but 

which were heavier than the π±, π0. The different strange 

particles were often created in ‘association’ with each other. It 

was clear that all of these cannot be fundamental. Detailed 

measurements of the properties, such as spins, masses and 

lifetimes, of the members of this ‘forest’ of particles, revealed 

the existence of an additional property (quantum number) 

called Strangeness, 𝑆, which is conserved by strong 

interactions but not by the weak interactions. Experiments 

with pion beams of few hundred MeVs revealed the existence 

of non-strange, spin 
3

2
 baryons. The concepts of Baryon 

number and Lepton number conservation played a big role in 

arriving at an understanding of these differing symmetries and 

hence differing conservation laws of the strong and weak 

interactions. 

Gell-Mann and Nishijima observed that all the observed 

particles seemed to group themselves (with similar masses and 

same spin) into isospin multiplets for a given 𝑆, with the 

ordinary particles like 𝑝, 𝑛, π carrying 𝑆 = 0. Taking 

inspiration from the Fermi-Yang model [13], Sakata [14] 

proposed that all the particles were made up of bound states of 

𝑝, 𝑛, Λ and their antiparticles, the three forming a triplet, the 

fundamental representation of the global symmetry group 

𝑆𝑈(3), extending the isospin-symmetry to this higher global 

symmetry. While the organisation of hadrons in the isospin 

multiplets of a given 𝑆 matched with the representations of 

𝑆𝑈(3), clearly there was no motivation for considering 𝑝, 𝑛, Λ 

to be any more fundamental than Σ, Ξ, etc.  

Taking a cue from Sakata model, Gell-Mann and Ne’eman 

independently proposed a symmetry of the strong interactions 

based on the 𝑆𝑈(3) group, just like the isospin group, 𝑆𝑈(2). 

This extension of isospin had two  complementary  facets:  the 
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possible grouping of existing hadrons into multiplets of 

𝑆𝑈(3), and the question of whether there were underlying 

constituents forming a triplet of 𝑆𝑈(3), the fundamental 

representation out of which all others could be built. The 

success of the former would be a strong evidence for the latter, 

but not necessarily be a proof for it. Indeed, the observed 

baryon and mesons seemed to group themselves neatly into 

𝑆𝑈(3) octets, the degeneracy in masses being less true with 

the increasing values of 𝑆. Clearly the 𝑆𝑈(3) symmetry was 

far from perfect and was broken, but as noticed by Gell-Mann 

the breaking also followed a pattern and there was a method 

in the madness. In fact, based on the Gell-Mann-Okubo mass 

formula, one could predict the masses of the missing members 

of a multiplet. Among the members of the decuplet containing 

10 members, the 𝑆 = −3, Ω was one such missing member 

and was discovered with the predicted mass at BNL [15]. 

Gell-Mann and Zweig independently put forward a 

‘Schematic Model of Baryons and Mesons’ [16]. In this 

model, the fundamental objects were postulated to be an 

𝑆𝑈(3) triplet (𝑢, 𝑑, 𝑠) of new spin-
1

2
 particles called quarks. 

These included an 𝐼 = 1/2 doublet (𝑢, 𝑑) called “up” and 

“down” quarks, and an isospin singlet quark 𝑠 with 𝑆 = −1 

called the “strange quark”. The anti-quarks also formed a 

triplet transforming in the complex-conjugate 3̅ representation 

of 𝑆𝑈(3). Since three of these made up a baryon with baryon 

number 1, these quarks were forced to have baryon number 
1

3
 

and the fractional electromagnetic charges. The fact that Δ++ 

was a spin-
3

2
 fermion, made up of three identical fermions, 

spurred the postulation of an additional attribute called colour 

that the quarks were required to possess [17]. Thus, the lighter 

quarks 𝑢, 𝑑, 𝑠 with the quantum numbers presented in Table 1 

made their entry into the periodic table. We see, in the above 

story, the role played in this discovery, by the increasing 

theoretical understanding of the patterns in particle properties 

in terms of the symmetries of the interactions. 

Second coming of quarks 

However, the quantum numbers required for these quarks 

were bizarre enough that even their inventor said in his paper 

[16], “A search for stable quarks of charge −
1

3
 or +

2

3
 ... at the 

highest energy accelerators would help to reassure us of the 

non-existence of real quarks.” This readiness of acceptance of 

quarks only as only ‘mathematical entities’ inspired by 

considerations of the symmetries of interaction, was very 

reminiscent of the reaction of the early chemists to the concept 

of atom used in the ideal theory of gases. The appearance of 

quarks in scattering experiments put paid to these doubts. Let 

us follow this transition of quarks from ‘mathematical entities’ 

to ‘physical objects’ next. 

Once  high-energy  beams  of  electrons  became  available,  it 

became possible to scatter electrons off proton and neutron 

targets. Indeed, such experiments performed by Hofstadter 

first established a finite size for the nucleus and then for the 

proton and neutron. Hofstadter probed the structure of the 

proton using electrons with energies ~250 MeV. These high 

energy electrons were incident on a target and the scattered 

electrons were detected by a detector a few meters in size, for 

a few fixed values of the scattering angles. The 

electromagnetic interactions between two point-like, charged 

fermions were theoretically well understood by this time in the 

framework of Quantum Electrodynamics (QED) and one 

could calculate the expected angular distribution of the 

scattered electron. It was shown that for a finite size of one of 

the two fermions, the prediction will be multiplied by the 

square of the form factor, 𝐹(𝑄2), where 𝑄2 = |𝑝𝑒⃗⃗⃗⃗ − 𝑝𝑒
′⃗⃗⃗⃗ |

2
 is 

the square of the change in the electron momentum, the form 

factor being the Fourier transform of the charge distribution in 

the proton. When 𝑄2 became comparable to 1/< 𝑅2 > , 𝑅 

being the average radius of the proton, the large angle 

scattering was found to be smaller when compared to the 

theoretical prediction, proving that the proton was not point-

like after all. After this experiment, there was a clear 

motivation to explore the proton with electron beams of still 

higher energy, as the ideas of substructure of a proton were 

very much around. 

Experiments with electron beams with energies up to 21 GeV, 

at the two-mile-long Stanford Linear Accelerator Centre 

(SLAC) built in 1961, provided a dramatic new result. While 

the cross-section for the elastic process: 𝑒− + 𝑝 → 𝑒− + 𝑝 

studied by Hofstadter fell off very sharply with the increasing 

values of 𝑄2, as was expected from the measurements of 

𝐹(𝑄2) made earlier, the cross-section for the inelastic process: 

𝑒− + 𝑝 → 𝑒− + 𝑋 where 𝑋 = 𝜋, 𝐾, 𝑝, �̅� … and one sums over 

all X (the so-called inclusive cross-section) was large and 

remained large for increasing values of 𝑄2.  

Energy and three momentum conservation can be used to 

show that for elastic scattering, for a given electron energy, 𝐸𝑒 

and scattering angle θ, the scattered electron can have only a 

fixed energy 𝐸0. However, this is not true for inelastic 

scattering; this cross-section then depends on two independent 

variables, the energy of the scattered electron 𝐸𝑒
′  and the 

scattering angle θ. The scattering cross-section for these 

inelastic processes was large and depended on 𝑄2 only 

through dimensionless ratios, a property called “scaling” [18]. 

This indicated that there were hard scattering centers inside 

the proton which were point-like. At still high values of 𝐸𝑒, 

the scattered electron again tended to have a unique energy 

value 𝐸0
′  — the cross-sections peaked at this value. However, 

this 𝐸0
′  was different from the value of 𝐸0 seen in case of 

elastic 𝑒 − 𝑝 scattering, indicating that the electron was now 

scattering off point-like scatterers inside the proton. 

The interpretation of scaling in terms of point-like constituents 

inside the proton was a watershed event in our understanding 

of proton structure. The constituents were given the name 

“partons” and a phenomenological model was put forward 

[19] that became known as the “parton model”. In fact, these 

experiments, though rather crudely, were able to estimate the 

number of partons inside a proton, which was found to be 

three. Further experiments with ν, μ beams were  also  able  to 
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determine the spin and the electroweak charges of these 

partons and they agreed with those in the quark model. This 

was then the ‘second coming of quarks’. The ‘mathematical 

entities’ suggested by Gell-Mann and Ne’eman based on 

symmetry considerations were shown to be ‘physical 

realities’, the transition taking about 5–6 years. Thus, 𝑢, 𝑑, 𝑠 

quarks became the first constituents whose presence was 

heralded via patterns in particle properties as well as in 

scattering experiments analogous to the one performed by 

Rutherford. In fact, the quarks also showed themselves up as 

‘jets’ of particles with large momenta transverse to the beam 

direction, in the experiments at the first 𝑝 − 𝑝 collider in the 

world at the Intersecting Storage Ring (ISR), in 1971. 

Gluons 

The above experiments also showed that these quarks inside 

the proton behaved as though they were ‘free’ of the influence 

of the other objects in the proton. On the other hand, nobody 

ever was successful in finding ‘free’ quarks outside a hadron. 

A theory of strong interactions which would endow quarks 

with these paradoxical properties, in fact, is the gauge theory 

which makes use of the ‘colour’ attribute of the quarks 

introduced by Greenberg in a very different context and is 

called ‘Quantum Chromodynamics’ (QCD) [20]. This gauge 

theory then predicted the spin-1, massless gluons to be 

mediators of strong interaction responsible for holding the 

quarks and antiquarks together to form hadrons. 

Detailed measurements of the Deep Inelastic Scattering (DIS) 

cross-sections in a series of experiments with 𝑒, μ and ν beams 

incident on nuclear targets indicated the existence of neutral 

scatterers inside the proton, with which the incident neutral or 

charged leptons did not interact directly. However, the 

measured DIS cross-sections were affected, indirectly, by the 

presence of these gluons and this was predicted accurately in 

QCD. These experiments with 𝑒, μ and ν beams thus gave a 

glimpse of the gluons through this effect. 

Coming back to the sighting of gluon, it would come as no 

surprise to the reader of this article that this ‘indirect glimpse’, 

which was offered because calculations were possible in a 

well-defined theory of strong interactions, viz. QCD, was then 

confirmed by direct observation of the gluons. This 

confirmation was provided by observations of the planar, three 

jet events, first seen in the TASSO detector [21] at the 𝑒+𝑒− 

collider PETRA at DESY. These events could only be 

interpreted as coming from the reaction 𝑒+𝑒− → 𝑞�̅�𝑔 giving 

rise to an event with three jets in the same plane. Thus, the 

gluons were then the second set of gauge bosons after the 

photon to cement their place in the periodic table shown in 

Table 2. The interplay of theoretical and experimental 

developments which helped the community arrive at this point 

was truly remarkable. One should also add here that it is the 

gluons in the proton that made possible the production of 

Higgs at a detectable level in the 𝑝 − 𝑝 collisions at the LHC 

and the measurements of the quark/gluon content in the DIS 

experiments as well as HERA, that provided important input 

for the theoretical calculations of the expected rates in QCD. 

One more example of the synergy between theory and 

experiments in this hunt for the members of the periodic table 

of the SM. 

𝑾/𝒁, heavier fermions and the neutrinos 

Pointers from theory 

To discuss the discoveries of the remaining members of the 

periodic table, shown in Tables 1 and 2, we need to leave the 

approximately chronological order we followed so far and go 

back to the particle physics discoveries of the 60s and 

theoretical developments in the formulation of gauge theories 

of electromagnetic and weak (EW) interactions. 

During the 60s, detailed studies of the nuclear β decays, the 

weak decays of hadrons and the experimental demonstration 

that parity was maximally violated by these interactions, 

propelled the formulation of the 𝑉 − 𝐴 theory of weak 

interactions [22, 23] starting from the Fermi theory of the 

nuclear β decay [24]. Requiring consistency of these early 

theories with unitarity had indicated a non-zero mass for the 

charged 𝑊± responsible for weak interactions but had not 

indicated what the mass would be, except that it should be 

much larger than the typical energy scales involved in the 

weak decays. It is the unified description of the 

Electromagnetic and Weak (EW) interactions as a gauge 

theory in the Glashow-Weinberg-Salam (GSW) model [25] 

that actually gave a lower limit on its mass. Further, it 

predicted new types of weak processes not seen till then, the 

so called neutral current interactions and a new neutral gauge 

boson 𝑍. The requirement of renormalisability for this gauge 

theory with massive 𝑊/𝑍, had predicted the existence of at 

least one spin-0 boson, the Higgs boson, its mass, however, 

was not predicted in the model. Further, along with the 

interactions of the 𝑊/𝑍  with the leptons known till then 

(𝑒−, μ−, ν𝑒 , νμ) and their antiparticles, even 𝑾/𝒁 masses 

𝒎𝑾,𝒎𝒁, were predicted in terms of the lifetime of the μ and 

the weak mixing angle, θ𝑊, which was a free parameter in the 

model. The discovery of weak neutral currents in the 

experiments with ν beams increased the credibility of this 

gauge theoretic description.  

At the same time the ‘strange’ particles K0, 𝐾0 continued to 

throw puzzles to be solved and propelled the theoretical 

models further. Comparison of weak decays of the strange and 

non strange baryons/mesons, had indicated that the weak 

interaction eigenstate coupling to the 𝑢 quark via weak 

interaction, was a linear combination of the mass eigenstates 

of 𝑑 and 𝑠, thus pointing out a mixing in the quark sector. 

While K0, 𝐾0 were strong interaction eigenstates, the decay 

eigenstates 𝐾𝐿,𝑆 (so named because one was short-lived and 

the other was long-lived), were a linear combination of the 

two. The fractional mass difference between the 𝐾0 and 𝐾0 

was measured accurately through the 𝐾0–𝐾0 oscillations and 

was known to be ≈ 10−15. While the Δ𝑆 = 1 decays of the 

charged 𝐾-mesons take place at weak rates and could be 

understood in terms of the mediation by the 𝑊±,                         

the corresponding decays for the  neutral  𝐾-mesons,  such  as 
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     𝐾0 → μ+μ− were found to be suppressed further by another 

10 orders of magnitude.  Last but not the least, the neutral 𝐾-

meson system had also shown evidence for 𝐶𝑃 violation in 

their decays.    

Inclusion of quarks in the EW gauge theory consistent with 

the observation of suppression of the strangeness changing 

decays firstly required the existence of an additional 𝑐 quark1, 

with charge 
2

3
|𝑒|, so that the flavour changing 𝑍 mediated 

decays, the so-called flavour changing weak neutral currents 

(FCNC), will be forbidden at the tree level. But that was not 

all. One also had to find a reason for the observed suppression 

of the FCNC processes (decays and mixing), induced by loops 

involving two 𝑊±, much beyond what was expected from one 

more power of the weak charge 𝐺𝐹 ∼ 𝒪(10−5/𝑚𝑝
2). The 

existence of the charm quark, with all the properties same as 

that of the 𝑢 quark, apart from its mass of course, was shown 

to solve this problem as well [27], due to cancellations among 

different quantities by the so called GIM mechanism. Further, 

a description of the experimentally observed CP violation in 

the 𝐾-system in terms of the quark mixing matrix required 

existence of at least three generations of quarks. This mixing 

is described by the famous CKM mixing matrix Refs. [28] and 

[29].   

Thus, the existence of 𝑐 as well as that of 𝑡, 𝑏 quarks was 

actually predicted by the phenomenology of neutral meson 

mixing and CP violation in that sector. In fact, consistency of 

the gauge theory of EW interactions, the so called ‘anomaly 

cancellation’ then predicted the existence of a third generation 

of the leptons, τ, ντ, as well. The theory, at this stage, had no 

pointers for the masses of τ, ντ and 𝑏, 𝑡, unlike the case of the 

𝑐 and the 𝑊,𝑍, as mentioned before. 

Let us flashback to 1974. The famous GIM mechanism, in fact 

had paved the way for a calculation of the strengths of the 
|Δ𝑆| = 1 decays and |Δ𝑆| = 2 oscillations in the neutral 𝐾 

systems [30]. Assuming a four-quark picture2 and using the 

known information on the quark mixing angle, in fact, one 

could obtain a ‘prediction’ for 𝑚𝑐 ∼ 𝒪(1.5) GeV. 

Discovery of the heavier fermions 

𝑐 and 𝑏 quarks and 𝜏 

Thus, in 1974, the field was primed with expectations of 

additional new particles and the new high energy colliders 

were being built in Europe and in the USA. All the three 

fermions were discovered in the US laboratories. In fact, the 

presence of the charm quark was indicated first through the 

production of the 𝑐𝑐̅ bound states on the two coasts of the US 

[31]. The BNL experiment observed it as a peak in the 𝜇+𝜇− 

invariant mass distribution, at the Alternating Gradient 

Synchrotron (AGS) in the reaction 𝑝 + 𝐵𝑒 → 𝜇+ + 𝜇− + 𝑋 

with a 30 GeV proton beam and at SLAC in the storage ring 

 
1 It was postulated in 1963 [26] from symmetries of the weak 

decays of hadrons, before all the features of the eightfold way itself 

were clear 

SPEAR, in the reaction 𝑒+ + 𝑒− → 𝜇+ + 𝜇−, with a total 

center-of-mass energy between 3.1 to 3.3 GeV. In the latter 

experiment, they could also study the production of hadrons 

as well as of the 𝑒+𝑒− via this resonance. This demonstrates 

the difference between the leptonic colliders and the hadronic, 

fixed target experiments very effectively. The extreme 

narrowness of this resonance made it possible to see it above 

the continuum of the μ+μ− pairs produced via the Drell-Yan 

process of 𝑞�̅� annihilation. The narrowness of this resonance 

was later understood to be due to the absence of lighter 

charmed mesons into which this resonance could decay. The 

mass of this state, christened 𝐽/Ψ, was 3.105 ± 0.003 GeV, 

completely consistent with the theory prediction from 

considerations of the mixing in the neutral kaon sector. 

Something should be noted here. This agreement between the 

theoretical prediction and the experimental observation was 

serendipitous. In principle, this mixing would have been 

dominated by the heaviest quark in the game, viz. the 𝑡 quark. 

The four-quark picture gave the right result ONLY because 

the mixing between the first and third generation happens to 

be very small. 

This discovery, called the ‘November revolution’ indeed 

firmed the belief in the correctness of the gauge theory 

description of the EW interactions. It should be pointed out 

that the confirmation of observation of the charmed mesons 

and baryons took quite some time as the ‘open’ charm 

production, as it is called, is much more difficult to detect as 

compared to the narrow charmonium.  

The SPEAR storage ring could accelerate electron beams up 

to 4 GeV each. At the centre-of-mass energy above                        

4 GeV, the experiment reported observation of events                                   

𝑒+ + 𝑒− → 𝑒± + μ∓ + ‘missing energy’. The kinematics of 

the events was consistent with at least two more undetected 

particles. They claimed that this was consistent with the 

production and decay of a pair of particles, each with mass 

between 1.6 to 2.0 GeV [32]. Further studies indeed proved 

that this was a heavy charged lepton, decaying in a leptonic 

three body decay mode 𝐿 → ν𝐿 + ℓ + νℓ, where ℓ =  𝑒/μ, just 

like the μ → 𝑒 + ν̅𝑒 + νμ. 

Discovery of this third-generation lepton as well as the 

requirement of having a third generation of quarks for the 

description of the CP violation in terms of quark mixing, all 

spurred on the interest in search of 𝑏 even further. Very soon, 

evidence for a dimuon resonance around 9.5 GeV was 

reported [33] in 400 GeV 𝑝 − 𝑃𝑡/𝐶𝑢 reactions. This was 

interpreted as the 𝑏�̅� bound state Υ. Further, confirming 

evidence of 𝑐, 𝑏, τ  production also came from a jump in the 

ratio of hadron production to μ+μ− production, viz.                 

𝑅 =
𝑒++𝑒−→hadrons

𝑒++𝑒−→μ++μ−  at 𝑒+𝑒− colliders for cms energies well 

above the threshold for pair production of these new particles. 

2 The six quark picture of Kobayashi and Maskawa [29] went 

unnoticed for quite a few years after it was suggested. 
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This, then, is the story of addition of some of the heavy 

charged fermions, the 𝑐, τ and 𝑏. 

The neutrinos 

We have already discussed the case of ν𝑒 and its antiparticle 

ν�̅�. After the confusion between two ‘mesons’ was completely 

removed with the discovery of π in 1947, study of μ as a 

particle with weak interaction received an impetus. 

Measurements of the range of electrons coming from the μ 

decay [34] indicated that the 𝑒 produced in the μ decay have a 

continuous energy spectra. This clearly indicated that two 

neutral particles are being emitted in this decay. Fermion 

number conservation indicated that one of them is a neutrino 

and the other one an (anti)neutrino. This indicated that the ν̅ 

produced along with 𝑒− in the β decay (ν�̅�) must be different 

from νμ produced in μ− decay. High energy ν beams, 

produced in π decays, incident on a target produced μ− from 

the inverse reaction thereby proving that νμ and ν𝑒 were two 

separate particles and so νμ had arrived. 

After the discovery of the third charged lepton, τ, and the 

charge −
1

3
|𝑒|𝑏 quark discussed above, the need to find ντ and 

𝑡 was paramount to confirm the three-generation picture, 

indicated by many a theoretical demands as mentioned above. 

Direct observation of ντ [36], which happened in 2000, again 

demonstrated the production of τ by an incoming ντ. The ν 

beam was again produced in a beam dump experiment using 

800 GeV proton beams. Production of τ was identified using 

a nuclear emulsion. These three observations confirmed the 

existence of ν𝑒 , νμ and ντ which couple to a 𝑊 and an 𝑒, μ and 

τ respectively. 

However, observation of ν-oscillations, which won the Nobel 

prize in 2015, demonstrated that the mass eigenstates ν𝑖 , 𝑖 =
1,3 are linear combinations of ν𝑒 , νμ and ντ. This is not a new 

entry to the periodic table, but this feature of these ghostly 

particles is still not completely understood and is a subject of 

intense study, but we do not discuss it here. 

Table 3: History of lepton discovery. Apart from 𝑒+, the 

information about the anti-lepton is the same. 

Lepton Postulated Indirect Discovery 

𝑒−  1894  1897 

𝑒+ 1931  1932 

ν𝑒  1930 1956 

μ   1936 

νμ  1948 1962 

τ 1973  1975 

The weak gauge bosons 𝑊 and 𝑍 

Experiments with high energy ν beams produced from decays 

of the mesons produced in the beam dump, went a long way 

toward confirming the predictions of the EW gauge theory, by 

providing evidence for neutral current, proof for the parton 

structure of proton and confirming the equality of the partons 

seen in the DIS experiments with the quarks of the quark 

model of Gell-Mann. Last but not the least they confirmed the 

structure of the couplings of the matter fermions with the 

𝑊/𝑍. This was further helped by the rather accurate 

measurements of the angular dependence of the process       

𝑒+ + 𝑒− → μ+μ− at the 𝑒+𝑒− collider PETRA which had 

center-of-mass energy going upto 31.6 GeV. All the 

experimental results were explained by a unique value of 

sin2 θ𝑊, a parameter of the model. This, was enough to get a 

Nobel prize for the creators of the unified EW model in 1979. 

This unique value predicted the masses of the 𝑊,𝑍 to be:  

𝑚𝑊 ≃ 78.15 ± 1.5𝐺𝑒𝑉;𝑚𝑍 ≃ 89 ± 1.3𝐺𝑒𝑉 

These set the goal posts for the machines. The 𝑊/𝑍 could be 

produced in a hadronic collider via 𝑞 + �̅�′ → 𝑊 and                  

𝑞 + �̅� → 𝑍. 𝑞/�̅� carry only a fraction of the parent proton 

energy. With the knowledge of the maximum proton energy 

possible at the time and that of the momentum distributions of 

the 𝑞/�̅� in a proton, it was clear that one would need a 𝑝 − �̅� 

collider rather than the 𝑝 − 𝑝 that was available at the SPS at 

CERN in Geneva. �̅� could be accelerated to the same energy 

as 𝑝. However, their phase space volume would need to be 

brought down by a factor of 108 so that sufficient number of 

collisions could take place and the 𝑊/𝑍 would be produced at 

a rate that would be detectable in the clean leptonic final state. 

This required special advances in accelerator science. This 

discussion shows clearly the synergy between theory, 

experiment and accelerator builders that is essential for the 

planning of a successful collider. The observation of the 𝑊 

and the 𝑍 bosons in the UA-1 and UA-2 experiments [37], 

with mass values and production rates which agreed with the 

theory predictions, was a very important step in confirming 

the correctness of the GSW model. Thus, the 𝑊/𝑍 arrived on 

the scene. 

Discovering the animal through its footprints 

LEP and SLC, with their cms energy of 100 GeV, and LEP-II, 

with its cms energy of 215 GeV, performed precision 

measurement of the properties of 𝑊/𝑍 and tested the SM to a 

high precision. The Tevatron, too, added to this. Just to give 

an idea, the 𝑊/𝑍 masses were known after the LEP and 

Tevatron measurements to be, 𝑚𝑍 = 91.1875 ± 0.0021 GeV 

and 𝑚𝑊 = 80.385 ± 0.015 GeV. These precise values 

allowed to set the goal posts for the searches of the last two 

members of our periodic table, 𝑡, ℎ. In this section, we discuss 

the discovery of these two. 

𝑡-quark 

As has already been discussed, observation of the heavier 

quarks at hadronic machines is somewhat easier if a narrow 

quarkonium state exists, as was the case for 𝐽/Ψ. 

Experimental searches at the 𝑆𝑝�̅�𝑆 (the superconducting 

proton synchrotron) which provided the evidence for the 

production of 𝑊/𝑍 in 𝑝 − �̅� collisions failed to see signs of a 

toponium production. The experiments at the 𝑒+𝑒− colliders 

can detect ‘open’ production of a heavy quark much better. 

However, the searches at the 𝑒+𝑒− collider such as TRISTAN 

in Japan had already pushed the possible mass of the 𝑡 quark 

to above 30 GeV.  This  meant  that  one  should  look  for  the 
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open production of 𝑡 quarks through the leptons produced in 

their three-body decay t → 𝑏  +  𝑊(∗) → 𝑏 + ℓ+ + 𝜈ℓ where 

the 𝑊 may be real or virtual depending on the mass of the 𝑡. 

At the 𝑝 − �̅� and 𝑝 − 𝑝 colliders in particular, looking for 

these leptons above the background due to the leptons from 

the Drell-Yan process as well as charmed and 𝐵-mesons, was 

seen to be difficult. Hence, special phenomenological tricks 

had to be thought of. One such trick was to note that for      

𝑚𝑡 < 𝑚𝑊, leptons coming from the decay of the much heavier 

𝑡 quark (or equivalently the 𝑇-meson) will be isolated from 

the other hadronic activity [38]. If 𝑚𝑡 > 𝑚𝑊, the lepton from 

𝑡 decay will always be isolated. This discussion shows us that 

in the search strategies of these heavier objects, which are 

produced at lower rates and where the decay products involve 

νs, the kinematics and the dynamics of the decay play an 

important role. 

The experimental manifestation of 𝐵0 − �̅�0 oscillations at the 

ARGUS experiment [39] was a harbinger of the presence of 

the 𝑡 quark, just like the 𝐾0 − 𝐾0 oscillations had provided 

hints of the presence of the 𝑐-quark and its mass. Further 

indications for the expected mass of 𝑡 also came from 

precision measurements of many EW observables, i.e., 

properties of the 𝑍 and the 𝑊 boson and the quantum 

corrections caused to them by loops containing top quarks. 

Direct experimental observation of the 𝑡 quark at the Tevatron, 

with a mass value consistent with the implications of the EW 

precision measurements, provided a test of the description, at 

loop level, of the gauge field theory of the EW interactions. In 

fact, the Nobel prize awarded jointly to 't Hooft and Veltman 

in 1999 is the testimonial of the importance of this agreement. 

We will see the current status of such a comparison in the next 

section. 

Table 4: History of quark discovery. Information about the 

anti-quarks is the same. 

Quark Postulated Indirect info. Discovery 

𝑢, 𝑑, 𝑠  1964  1969 

𝑐 1964, 1970 1974 1974 

𝑏 1973 1975 1977 

𝑡 1973 1994 1995 

The Higgs boson 

The mass of the Higgs boson is not predicted in the SM. 

However, quantum field theoretical requirements indicated 

that the mass of a weakly coupled Higgs should lie in the range 

120 ≲  mh  ≲  700 − 1000 GeV. The lower limit, in 

particular, depends sensitively on 𝑚𝑡.  

Did the LEP precision EW measurements have anything to say 

about it? Indeed the same information that was used to 

‘predict’ 𝑚𝑡 using those data, could now be used to obtain 

constraints on the Higgs mass, looking at quantum corrections 

to the 𝑊,𝑍 mass as well as to the 𝑍 couplings, caused by loops 

containing the Higgs boson and again setting the goal posts. 

In fact, on the eve of the discovery of the Higgs, in March 

2012, the EW precision fits and the direct Higgs search limits 

from the LEP, the Tevartron and the LHC itself, had left only 

a small slither of allowed region around 120 GeV. The 

interested reader can look at the plots on the webpage in Ref. 

[40]. 

 
Figure 2: 𝑚𝑊 − 𝑚𝑡 values consistent with the EW precision 

data with and without using measured value of 𝑚𝑡 , 𝑚𝑊 and 

𝑚ℎ as inputs. Taken from [40]. 

Finding the Higgs boson in 2012 [41] with a mass consistent 

with these constraints was the biggest success of the SM. 

Figure 2, reproduced from the Gfitter webpage [40], illustrates 

this. The various dark and light shaded regions correspond to 

68 % and 95 % confidence level contours in all cases. The 

green bands between the vertical and horizontal lines indicate 

the experimentally measured values of 𝑚𝑡 and 𝑚𝑊. The 

region shaded in blue (the long and narrow ellipses) indicates 

the region allowed in the 𝑚𝑡 − 𝑚𝑊 plane, by fits of the SM 

prediction for precision measurements of the EW observables 

where the Higgs mass [42] information is used. The big 

elliptical regions, one of them open at one end, shaded in light 

and dark grey, are the ones allowed when none of the mass 

measurements are used as input and one lets the EW precision 

data choose the best fit values. Consistency of the values 

obtained in these fits with each other and with the 

experimental measurements indicated by the small oval with 

dark and pale green regions, tests the correctness of the 

quantum corrections to 𝑚𝑊 coming from the loops containing 

𝑡 and ℎ. 

It goes without saying that the discovery of the Higgs required 

the most complete collaboration among theorists and 

experimentalists. The enormous effort in using the precision 

data from LEP and SLC to predict the Higgs mass ‘before’ the 

Higgs discovery was remarkable. So was the effort to arrive at 

the highly precise predictions for the Higgs signal and Higgs 

signatures as well as the SM backgrounds. The small size of 

the Higgs production cross-section means that one has to fight 

against a huge background. It was the guidance from 

theoretical expectations that convinced all the particle 

physicists (theorists and experimentalists alike) that the signal 

uncovered on July 4, 2012 was that of the SM Higgs boson, in 

spite of only a handful of events: ~100 in the γγ final state and 

~20 in the 𝑍𝑍∗ → μ+μ− channel. Notice that the Higgs 

postulate [43], used in [25] in constructing the SM, took about 

half a century to finish the journey to becoming a physical 

reality.  Tables 3–5 summarise the history of the discovery of 



Physics News 

Vol.51(1-2)  44 

all the elements of the periodic table, where the column 

indirect information refers to some indirect confirmation of 

their existence or indirect information on their masses from 

theory or experiments. 

Table 5: History of discovery of the bosons. 

Bosons Postulated Indirect info. Discovery 

γ    1905 

𝑊± 1961 1961, 1979 1983 

𝑍 1961 1967, 1973, 1979 1983 

ℎ 1964 1999 2012 

Conclusion 

So this is the spectacular saga of discovering various members 

of the periodic table of particle physics. The discussion may 

have made one feel that the story of the SM has now come to 

an end. But a little introspection tells us that while the SM has 

indeed provided an understanding of many secrets hidden in 

the ‘Heart of Matter’, there are still many puzzles to which the 

SM has no answer. We still do not know why the masses of 

all the different fermions are so vastly different and neutrino 

masses so tiny. We still do not know the origin of mass mixing 

or CP violation. The observed small value of the mass of the 

Higgs, which is comparable to 𝑚𝑊, 𝑚𝑍 is a big surprise as 

generic properties of the quantum field theories do not require 

it to be small. Further, the SM cannot quantitatively explain 

the observed matter-antimatter asymmetry in the Universe. 

Last but not the least, no member of this periodic table can be 

a candidate for Dark Matter (DM) which is known to form 

26.7 % of the total ‘mass’ in the Universe. 

These are big questions and the world of particle physics had 

come up with many big ideas, such as Supersymmetry, Extra 

Dimensions, etc., to answer them. Experiments at the LHC 

have so far not provided any proof (direct or indirect) for their 

existence. It is true that the energy reach of the LHC is limited. 

Maybe the precision measurements possible at the LHC in its 

future runs or at the future 𝑒+𝑒− colliders will give some 

pointers about the truth of these ideas. The observations of the 

multi-quark bound states, containing heavier quarks beyond 

those expected in the simple quark model, may already be 

teaching us something new about strong interactions. The B-

physics experiments at the LHC and other B-factories have 

given indications that in some B decays, the ratio of the 

branching ratios for the final states containing the μ + μ− to 

the one with 𝑒 + 𝑒− deviates by more than 3σ from the SM 

prediction. The measurement is 0.846 ± 0.04 compared to the 

SM prediction of 1.00 ± 0.01. The latest results of the 

measurement of the (𝑔 − 2)𝜇 differ from the SM prediction at 

4.1σ. Maybe this is the thin edge of the wedge and the future 

days of particle physics will be guided by these ‘signs’ from 

experiments on earth and in the sky! We hope that these small 

‘clouds’ on the clear horizon of the SM, auger well for the 

onward march of the journey to uncover the secrets of nature! 
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