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' ‘,.;_'_Maxwells electromagnetlsm Elnstelns speC|aI relat|V|ty Quantum mechanics
worked too weII - ‘ —

QED created from thelr unlon to descnbe how I|ght |nteracts with atoms faced
an ugly roadblock. ,‘

Vacuum is not empty, bubbli'ng with transient particle anti -particle pair. Electron
interacts with the EM field. QM allows for non-conservation of energy for virtual
partlcles for a very short time.

Calculations of electron mass and charge, summing up all intermediate virtual
possibilities, yield infinity!

Lamb measured one part in a million split in the electron energy levels in
hydrogen atom. Dlrac equation says no splitting’. QED calculation gives |nf|n|ty
again. _

Use experimentally measured value of mass and charge to calculate Lamb shift
or anomalous magnetic moment of electron. This technique of using known

values to calculate other values became known as Kewnormalizakion.



- What Is QED” It |s a gauge theory Wthh relies on |nvar|ance under a phase (gauge)

' -transformatlon at each pornt in space time. Photon is the carner of EM force.

Gauge |nvar|ance means that regardless of the accountancy of computatlonal scheme one
gets the same result. ' -

It is a profound scheme that causes the EM force to exist and ensures that Pho&on Ls
st:nct:tv masstess. |

Next, gauge theory |nvoIV|ng more than one fermion (n,p) was constructed (QED mvolves only
~ one, namely, electron). Algebra involved marices.

Electrically charged massless photon-like object emerged. This is again an impossible
situation.

Role of weak interaction in burning the solar fuel and giving us day light became known, and
its triggering of beta decay required a massivecharged gauge boson.

Meanwhile, (V-A) nature of weak interaction fueled speculation that EM and weak interaction
may have a common connection.

How ko reconcile gauge invariance with massive gauge boson?
Infinities shouldnt come back!
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 Hidden symmet

L S'étla_mf;sl banquet: .'-E_If'h'i.-nk?__("_)_f.-arbuhd-_dinner'tab'l"éﬁ:_,_] o

Rotational symmetry of water molecules reduced to.
Discrete symmetries in subzero temp snowflakes.

Ferrc')magnet'ism: Alignment in the direction of external
Magnetic field below a certain temperature.

Spontaneous breaking: ‘Somehow’ tramsition from phase w/
L symmelry ko a phase having lesser symmetry,

Superconducting State

In superconductivity, the symmetry that gets hidden is
gauge invariance of electromagnetism, leading to organized
Cooper pair bonding. |



SPQMEQMQMS breaking of global symmetry

. Whenever there |s a spontaneous
breaking of a continuous gIobaI
- symmetry, massless Nambu- -
Goldstone bosons appear

. Problem or opportunlty?

. Problem of massive gauge
boson + Problem of
existence of massless NG
boson = More problem OR

-an earth-shaking solution

. And, what abouk the
‘other boson’?
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Mass generation mﬁ’@mmﬁ"‘"

AnderSOn- In a superconductor EM fleld 5 short ranged |mplyrng that photon becomes massive. It might be a
result of zero mass of photon in QED ‘and massless NGB arising from SSB marrylng each other. Thus the
embarrassrng massless boson can be av0|ded in nonrelatrvrstrc plasma :

Klein and Lee Goldstone theorem farls in nonrelatrvrstrc theorles BUT aiso stressed that their argument holds in
relativistic theories. : . o

Gilbert: Presence of GB cannot be avoided in relativistic theories.

Brout and Englert: Elevated Anderson’s assertion from cond mat perspective in relativisitic field theory. Their
construction required a massive scalar boson also, but the attention was on photon mass generation mechanism.

Guralnik, Hagen, Kibble: NGB need not be present in locally conserved theories and the force carrier (like W
boson in beta decay) could become massive by eating them up. They concentrated only on mass generation, no
massive scalar in their paper.

Higgs: If relativistic theory contains gauge fields, Gilbert's 'argument fails! Impasse lifted! Massless scalar boson
~avoided, they are devoured by gauge bosons which in turn become massive.

Importantly, Hiqqs talikked o&so about the behaviour of the other saatocr
bosown which is massive.



“.,ati‘ETOMQQM %kearj

| Glashow constucted a model Wlth a massive trlplet (W+ W- Z) together with a
massless QED photon. It is not renormalizable. He only hinted that unification
of Weak and EM forces mlght contaln the clue for renormallzabmty

_ Salam and Ward had mdependently constructed SU2XU1, but as World experts
on renormalization they were unable to digest the masses of the W,Z bosons.

| Kibb,le'ihcerber_ated Group Theory into the idea of SSB.
: 2+2=4=3+1

Weinberg used the SSB idea in SU2 X Ul model. Salam independently
promoted the SU2XU1 model realizing the significance of this mass generation
mechanism maintaining gauge invariance.

‘t Hooft demonstrated the importance of the real massive scalar "Higgs field’ in
keeping the model safe from bad high energy behaviour.



,. y\ﬁti'v“‘“

'In 2012 CMS and ATLAS Collaboratlons of -
the LHC discovered the other scalar of
‘ Goldstone the nggs boson. g

The ZZh mteractlon strength is reIated to 7
-mass. This proves the mass generatlon
mechanism predicted by ABEGHHK'tH.

~ The disintegration of the particle into two
photons and study of angular momentum
confirmed its spin-zero nature.
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Its decay into a pair of fermions implied a
new type of spin-zero mediated interaction,
proposed by Yukawa in a different context 8
~decades previously.

Unlike EM, weak and strong forces, the
Yukawa interaction strength |s not
quantised.



. The Standard Model of Glashow Welnberg and Salam |s now a Standard
Theory : ‘ 5

« The- mass of the Hrggs boson |s approx 125 GeV Wlth an error of about 1
GeV. , , | _

This is within the range predrcted by precrsron studles of the weak force
carriers. ‘

But without any protection from ugly quantum mechanical behaviour, why
It does not weigh as heavy as the scale where gravity becomes strong?

Beyond the Standard Model ---

Extra Dimension (additional length dimensions, curled)?

Supersymmetry (symme'try between fermions and bosons)?

Is Higgs elementary or composite?
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