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Professor M.K. Banerjee

• Widely acclaimed physicist 

• Interest spanning several fields

• Kept up with and contributed to the cutting edge

• Early computational work

• Development of institutions

• Taking interest in the younger colleagues.

Research spectrum:

Designing a beta-ray spectrometer (1953).

Nuclear resonance lineshape  (1954)

Direct interaction theory of inelastic nuclear reactions. (1957-58) 

Structure: Shell model calculations, SU(3) (1963-69)

Brückner-Hartree-Fock structure calculations (1969-72) 

Pion-nucleon and pion-nucleus scattering (1972-83)

Chiral  soliton model (1984-86)

Vacuum instability, proton spin, Chiral perturbation theory, instantons, ...

25.05.1930

- 18.02.2006
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Professor M.K. Banerjee 

My interactions as a graduate student at Maryland

 Manoj Banerjee (not Manoj-da) was at Maryland from 

1966.

 He was on sabbatical during 1973-74, when I joined

 Smiling face, always active, busy person

 Could not muster the courage to start a conversation.

 His Ph.D. student J. Barry Cammarata (who too was 

totally taken up with his calculations) was my 

contemporary

 Offered a course on `Field theory applications in many 

body problems’ in my fourth year for which I registered

 Used to come to classical music programmes arranged 

by the Indian Students’ Association. 

1981:  Considering Directorship of SINP



Plan

• Mass of an elementary particle

• Interactions, symmetries 

• Fermion mass

• Higgs mechanism

• Standard Model

• Neutrino mass

• Majorana fermion, Majorana mass

• See-saw mechanism

• One loop masses

• Dark Matter, Dark Energy

• Conclusions
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What is mass?
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Mass is responsible for the

gravitational force.

Mass tells us how a body 

responds to a force on it.

Motion under gravity is independent of the nature of the particle 

Einstein: Gravity is due to  spacetime curvature



Origin of Mass?

 Gravitational interactions are due to the mass of a 
particle

 But what is the origin of mass?                                

 Mass is due to interactions

 Mass is a measure of inertia. More interactions make it 
difficult for a particle to move. Mass increases with 
interactions.
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Elementary particles

Source: http://electron9.phys.utk.edu/phys250/modules/module6/images/simplemodel2.gif

Higgs Boson!

Spin 0 boson

Spin ½

Fermions

Spin1 

Bosons
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Elementary particle mass

 The mass of a particle is given by the quadratic term in 
the Lagrangian

 Scalar particles: no spin (e.g., Higgs boson)                                 

 Spin ½ fermions (electron)

L =  m  

 Spin 1 bosons (W-boson of weak interaction)

L = m2 W W
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  m  L 2
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Weak interactions

 Beta decay is a weak

interaction

 One nucleus changes to 

another  n  → p e 

 Here the exchanged 

particle is a W-boson

 The W-boson is heavy

mW ~ 80 mp
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Massive spin -1 mediating particle

 Massless spin – 1 force mediators are familiar: The 

photon

 Can be readily included in quantum mechanics and 

quantum field theory (QED)

 Yang & Mills, Shaw, Utiyama, Schwinger,  extended 

it to apply to strong and weak interactions

 In QED perturbation theory calculations yield testable 

corrections: e.g., Lamb shift

 Fails for massive spin – 1 particle (divergences!!)

The solution lies in the Brout-Englert-Higgs mechanism
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Forces, Potential

• Electrostatic force F = e E

Electric field E =  -,  is the electrostatic 

potential.

• Lorentz force F = e (v x B) 

Magnetic field B =  x A, A is known as the 

vector potential.

Gauge symmetry

Since  x (θ ) = 0

If  A → A + θ  B → B (A symmetry!)
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Symmetry

• Symmetries of the laws of physics  e.g., symmetry 

under translations or rotations.

• Symmetry implies conservation laws  Rotation 

symmetry results in conservation of angular 

momentum

Symmetries   Interactions

Quantum Mechanics: Freedom to make phase transformations is a symmetry.

These are also sometimes called gauge symmetries.

Such symmetries are related to interactions.

These are the Gauge Theories. 
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Symmetry and Interactions

• In QM the state of a system is specified by a function 

often denoted by ψ(x) – the wave function.

• At every point x, the wave function gives a complex 

number. So, it is a complex function of x. 

Prob. of finding particle between x and x + dx= |ψ(x)|2 dx

Momentum depends on the derivative:   -iħψ(x)* ψ(x)

So, if ψ(x) → exp[iθ] ψ(x) then ψ(x)* → exp[-iθ] ψ(x)*

If θ independent of x, it does not affect physics

as the ψ(x)*…. ψ(x) combination is unchanged

It is a symmetry, a phase symmetry!
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Symmetry and Interactions (Contd.)

What if  ψ(x) → exp[iθ (x)] ψ(x), with θ varying from 
point to point?

Prob. at x = |ψ(x)|2 is unchanged

Momentum  -iħψ(x)* ψ(x) is affected due to an extra 
term ~ [θ(x)] ψ(x).

So, it does not seem to work for p. However, recall:

p + e A/c: the momentum in the presence of an em field

If  A → A + θ  B → B (A symmetry!)
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Symmetry and Interactions (Contd.)

If simultaneously ψ(x) → exp[ieθ (x)] ψ(x) and 

A → A +  θ then the symmetry can be ensured

The extra θ-dependent piece in the momentum from one term may be 
compensated by that due to the other.

In 4-d, the ordinary derivative μ is replaced by (μ - ie Aμ) 

Thus if local gauge transformation is to be a symmetry  

electromagnetism must be there.

Note A . A (or generalising  Aμ Aμ) not gauge invariant.

Photon mass m2 Aμ Aμ not allowed by the symmetry!



Fermion mass

• Fermions have spin! Left- and right-handed 
fermions: 

 = L+ R

• Fermion mass couples left to right: 

m   = m(R L + L R)

L  R     under parity

• The mass term can be included in the 
Lagrangian if it is a singlet under the symmetries

• If there is only left-handed (or right-handed) 
component then m=0.
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Gauge theories: interactions

• We have a good understanding of basic particles and 
forces that act between them 

• Strong, Electromagnetic, and Weak interactions all can 
be neatly framed by gauge symmetry principles.

• Which makes things calculable and predictions    

possible.

• Except ….. The symmetry which does this has a price: 

All particles must be massless!!
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Glashow-Salam-Weinberg Model: fermions

• Electroweak interactions only 

• Symmetry group: SU(2)L x U(1)     Two gauge couplings: g and g’

• Four gauge bosons W±
μ ,W3

μ ,Bμ the last two neutral

• Leptons   L = (Y =-1),               eR (Y= -2)
L

Lagrangian

• Quarks (Y=+1/3) ,    uR (Y=4/3) ,  dR (Y = -2/3)         
L

 Fermions: SU(2) singlets have no W± interactions.  Parity violation!

 Left-handed oublets, right-handed  singlets  Mass term is non-singlet, 
not allowed 

Q = T3 + Y/2νe
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The Higgs mechanism

• The symmetry requires that all elementary particles 
have zero mass.

• Quarks, leptons, W-bosons, photons all massless!

• That contradicts experiments!

• One ingredient was missing.

• The Higgs field. It is the entity which breaks the 
symmetry, but subtly! Preserves the good features 
of the symmetry and yet makes particles massive.  

• Higgs boson is a wave in this field. Higgs bosons 
have been detected at CERN.



Higgs’ paper

A classical field theory analysis

of small oscillations
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Vacuum is not empty!

It is filled with the Higgs field
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Higgs mechanism

In a crowded room  

passage is difficult

Movement is 

hindered, there is 

extra inertia

This idea is used in 

the Higgs mechanism 

to generate masses
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Higgs mechanism

The vacuum of the universe is not empty. It has a background 

(condensate) of the Higgs field. This is responsible for particle masses.

Particle masses are proportional to their strength of coupling to the 

Higgs field.
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Higgs boson

How can we know about

the Higgs condensate?

Let’s return to the 

crowded room

What happens when a 

rumour reaches the room? 

Higgs condensate
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Higgs boson

The rumour gets transmitted from person to person. The rumour

travels like a wave in a medium.

A disturbance in the Higgs condensate is a Higgs boson. This is 

what has been detected (2012).



Standard Model

• The Standard Model describes strong and electroweak interactions.

• Mediated by gluons, W-boson, Z-boson, and photon.

• Parity violation: Asymmetry between left-handed and right-handed 

fermions.

• Mass-term not allowed

• Higgs mechanism to the rescue.

• Masses of W, Z , quarks and leptons via Higgs field

• No R in SM  Neutrino is massless. Chosen for consistency with 

information of that era.

• (B-L) is a symmetry of the Standard Model
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Higgs boson mass: Naturalness

• The Higgs boson has been detected at the Large Hadron 
Collider with a mass ~ 125 GeV

• This is a clear vindication of the Brout-Englert-Higgs 
mechanism.

• In a theory with several energy scales, the mass of an 
elementary scalar particle is pushed to the highest scale.

• For various reasons, new theories predict other 
interactions emerging at higher scales.

• Even otherwise, the scale of Gravity is near 1019 GeV. 

• Why is the Higgs scalar so light? Symmetry protection?

• Is the Higgs boson a composite particle?



Neutrino      mass
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The dog that did not bark, W. Pauli 1933

`The Adventure of Silver Blaze’, 

A. Conan Doyle, 1892



Neutrino properties (contd.)

Three types: e , µ,  are known. 

A e is produced from an initial electron (e). Similarly, µ,  are 

associated with  ,  leptons.

Many properties discovered 

in the past two decades  
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Neutrino interactions

CC: Charge current 

e + n  e + p  

NC: Neutral current

x + p  x + p

x + n  x + n  (x =e, , )

Did you see it?

No, Nothing!

Then it was a 

neutrino

W± exchange

Z exchange
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Solar neutrinos

• Sun generates heat and light through fusion reactions

4p  4He + 2 e+ + 2 e + 27 MeV    (i)

• Just like sunlight, solar neutrinos are reaching us (day & night!)

• Reaction (i) does not take place in one go. Rather, it is the 
consequence of a cycle of reactions, e.g.

p + p  2H + e+ + e     pp neutrinos

The e energy spectra from these reactions are well-known.

• Robust prediction of  the number of solar neutrinos reaching the earth 
as a function of energy is possible. These have been 

detected by several expts. But … 
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Solar neutrino results

Expt            Obsvd/Predn    Eth (MeV)             Type      

Homestake      0.335 ± 0.029       0.8            Radiochemical

(from 1968)                                         e + 
37

Cl 
37

Ar + e
_

(CC)

GNO, SAGE,   0.584 ± 0.039       0.233        Radiochemical

Gallex e + 
71

Ga 
71

Ge + e
_ 
(CC)

K, SuperK        0.459 ± 0.017        5.0           Water Cerenkov

(1989)                                                     e + e  e + e (CC + NC)

SNO CC         0.347 ± 0.027        6.75            Cerenkov 

e + d  p + p + e
_ 

(CC)

SNO NC      1.008 ± 0.123          2.2           + d  n + p +  (NC)

Ray Davis Jr

Nobel: 2002
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Atmospheric neutrinos

Neutrinos are produced in the atmosphere

from cosmic ray pion and kaon decays

e.g. (
-
 µ

-
+ µ),  (µ

-
 e

-
+ e + µ)

and the charge conjugate processes

Typical energy ~ 1 GeV

Expectation: R =(# µ+ µ)/(# e+ e) ≈ 2

SuperK: Robs/Rmc =0.635±0.035±0.083

(sub-GeV)

= 0.604±0.065±0.065

(multi-GeV)

No. of µ depends on zenith angle (up-down asymmetry)

No such effect for e (1997)

up

down

detector

Earth atmosphere

Masatoshi Koshiba

Nobel: 2002 
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Neutrino oscillations

• A quantum mechanical phenomenon relying on the 
superposition principle.

• In the oscillation of a pendulum, the bob alternately 
reaches the left and right end-points of the trajectory.

• During travel, a e becomes a µ and then back again to a 
e. This  oscillation process continues.

Prob(eµ, L) = 4 c2 s2 sin2(L/ λ)

Maximal mixing

 = /4
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c = cos

s = sin

The oscillation wavelength (and hence probability!) 

depends on the neutrino energy. λ = 4 E/ ∆, 

= (m2
2 – m1

2)



Some Quantum Mechanics

Stationary states:  H |Ψn> = En |Ψn> 

Time evolution:      |Ψn(t)> =exp(-iEnt) |Ψn(0)>      (only a phase)

General state (t=0): |Ψ(0)> = ∑  an |Ψn(0)> 

General state (any t):  |Ψ(t)> = ∑  an exp(-iEnt) |Ψn(0)> 

Phase differences  ~ (Ei – Ej )t    physics consequences

Neutrino stationary states: |1>, |2>

(mass eigenstates)

Neutrino flavour eigenstates: |e>, |µ>

Mass ↔ Flavour states:           |e> =  |1> cosθ + |2> sinθ

|µ> =  -|1> sinθ + |2> cosθ
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Quantum Mechanics of neutrino 

oscillations (contd.)

|e> produced at  t = 0  |Ψ(0)> = |e> =  |1> cos θ + |2> sinθ

At a later time: |Ψ(t)> = |1> cos θ e-iE1t + |2> sinθ e-iE2t

Prob(eµ, L) = |< µ |Ψ(t)>|2 = 4 c2 s2 |e-iE1t - e-iE2t|2

Neutrinos are ultra-relativistic: p >> m  Ei = (p2 + mi
2)½ ≈  p + mi

2/2p

(E1 - E2)t = (m1
2 – m2

2)t /2p ≡ (∆/2p)t = ∆ L/2E 

Prob(eµ, L) = 4 c2 s2 sin2(L/ λ)      where 

Survival Prob. = Prob(ee, L) = 1 - Prob(eµ, L) 

λ = 4 E/ ∆

2nd M.K. Banerjee Memorial Lecture                       

A. Raychaudhuri

September 19, 2019



Majorana Neutrino?

• Can the neutrino be its own anti-particle?  (  ≡ c ?)   

The photon is its own anti-particle. (Also 0)

• In such an event, lepton number is not conserved!

• Consequence  Neutrino-less double beta decay (02β process) 

• Normal double beta decay (22β) :  X  Y + 2 e
-
+ 2e

• Neutrino-less double beta decay (02β) : X  Y + 2 e
-

(<m>
2
)

• Look for peak in 2e
-

total energy

• Current limit <m>  <  0.2 eV.
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In SM no RH   No Dirac mass.  

Also, Lepton No. is conserved  No Majorana mass.

Dirac mass (Add right-handed neutrinos Nj)

Nj are singlets under SM (a sterile fermion)

Why is yij so very small compared to Yukawa couplings for quarks and 

charged leptons?

Separate Higgs doublet  with tiny vev for neutrinos? 

Neutrino Masses
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Majorana mass (Violate Lepton number)

e.g., Lepton No. violating interactions in BSM, R-parity violation in 

SUSY, etc.

See-saw (Add new fermions/scalars)

Neutrino Masses

September 19, 2019 2nd M.K. Banerjee Memorial Lecture                       

A. Raychaudhuri

SU(2) singlet
SU(2) triplet SU(2) triplet

Leptogenesis?



Standard see-saws

• Type – I

• Type – II  An SU(2) triplet scalar . No RH 

Either  gets a vev violating lepton number

or it has a trilinear coupling to a pair of H which get vev.

• Type – III 

Similar to Type – I but R    are SU(2) triplets

(Three RH SU(2)-singlet neutrinos NR /R to give masses to all

neutrinos)
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Majorana mass of Nk. Lepton No. violated.

Majorana mass of  k. Lepton No. violated.



Left-right symmetry

• Provides a natural room for NR.

• Under SU(2)L x SU(2)R x U(1)B-L lepton multiplets: (2,1,1) and (1,2,1)   

Q = T3L + T3R + (B-L)/2

• Different types of see-saw can be readily incorporated

• Choice of scalars:

• Type-III see-saw, loop masses etc. possible
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Type-I

Type-II



Massless neutrinos

Type-I see-saw models which automatically lead to 3 massless 

Majorana neutrinos due to symmetries.
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J. Kersten and A. Yu. Smirnov, PRD 76, 073005 (2007)

R. Adhikari and A.R., PRD 84, 033002 (2011)

3 zero eigenvalues 

1 zero eigenvalue 



Scotogenic Model

• Add discrete Z2 symmetry to the standard model 

o All SM particles even under Z2

o Include RH neutrinos Nk and scalar doublet η, both odd under Z2

o Z2 is unbroken, < η0> = 0  Neutrino Dirac mass = 0.

o Nk  Majorana mass is allowed

o Also allowed is a quartic scalar term: 5 (ϕ
†η)2

• One-loop diagram for neutrino mass

• Lightest of Nk or Re (η0)/Im (η0) is a dark matter candidate 
protected by Z2 symmetry
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E. Ma, PRD 73, 077301 (2006)



Dark Matter

Galactic rotation curves
There must be unseen matter in 

the galaxy extending beyond 

what is observed.

What is this Dark Matter?

Particle physics has several

candidates. 

Must be stable and almost

Non-interacting

Candidates: lightest SUSY 

particle

lightest KK-particle, …
September 19, 2019 2nd M.K. Banerjee Memorial Lecture                       

A. Raychaudhuri



Dark Matter and Dark Energy

Dark Matter is clumped around galaxies and clusters of galaxies.

Evidence points towards some energy distributed uniformly in all 

space. Dominant part!

What evidence? The expansion rate of the universe should be slowing 

down due to gravitational attraction of matter. 

Observation: acceleration was less earlier, not more.

Evidence from

distant supernovae.

CMBR anisotropy

Structure formation

Particle physics

interpretation?
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Looking Ahead

• Mass has played diverse roles

• Many issues still open

• Why is the Higgs mass small?

• What is the origin of neutrino 
mass?

• What is dark matter?

• Many experiments worldwide

• Healthy interplay of astrophysics, 
cosmology, and particle physics

• New physics: new interactions, 
symmetries, etc.
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Learning from Manoj Banerjee

• Science is continuously evolving

Keep moving!

• Encourage newly emerging areas

• Theory and Experiment go hand in hand

• Motivate younger people 

Keep working hard!
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