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» By now it is well known that the Brout-Englert-Higgs mechanism
(popular by the name ‘Higgs Mechanism') leads to the masses of the

elementary particles in Nature
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Answer: such terms are not “gauge invariant” in the Standard
Model of particle physics

» What is this “gauge invariance”?
Answer: It has something to do with the “symmetry of the theory”

» Well, how do physicists know what this symmetry is? Just by
trial-and-error or a wild guess?
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» By now it is well known that the Brout-Englert-Higgs mechanism
(popular by the name ‘Higgs Mechanism') leads to the masses of the

elementary particles in Nature

» But why do we need this mechanism to get these masses? Why
can't we just add a term m?VtV to the Lagrangian?
Answer: such terms are not “gauge invariant” in the Standard
Model of particle physics

» What is this “gauge invariance”?
Answer: It has something to do with the “symmetry of the theory”
» Well, how do physicists know what this symmetry is? Just by

trial-and-error or a wild guess?

» Answers to these questions are not known to many outside the field
of particle physics.
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» By now it is well known that the Brout-Englert-Higgs mechanism
(popular by the name ‘Higgs Mechanism') leads to the masses of the

elementary particles in Nature

» But why do we need this mechanism to get these masses? Why
can't we just add a term m?VtV to the Lagrangian?
Answer: such terms are not “gauge invariant” in the Standard
Model of particle physics

» What is this “gauge invariance”?
Answer: It has something to do with the “symmetry of the theory”

» Well, how do physicists know what this symmetry is? Just by
trial-and-error or a wild guess?

» Answers to these questions are not known to many outside the field
of particle physics.

» I'll try to answer these questions using some basic principles that can
be understood with basic conceptual ideas in Quantum Mechanics
(QM) and Special relativity
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Setup

» h =C = ]_
So E = mc? — E = m (unit GeV will be used.
1 GeV = 1.602176487 x 107! Joules ~ proton mass)

» Charge is conserved in all interactions

» Special relativity holds — Lorentz invariance
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Setup

» h =C = ]_
So E = mc? — E = m (unit GeV will be used.
1 GeV = 1.602176487 x 107! Joules ~ proton mass)

v

Charge is conserved in all interactions

v

Special relativity holds — Lorentz invariance

v

Probability of anything < 1 !l — Unitarity
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> Particles cannot be created or destroyed in Quantum Mechanics —

NO sp. relativity.
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v

Particles cannot be created or destroyed in Quantum Mechanics —

NO sp. relativity.

v

Quantum Mechanics + Special relativity — Quantum Field Theory
(QFT)

» Every particle is ‘associated’ with a unique ‘Field’

v

Lagrangian (£) is used instead of Hamiltonian H, because unlike L,

Hamiltonian is NOT Lorentz invariant in general
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» Particles cannot be created or destroyed in Quantum Mechanics —

NO sp. relativity.

» Quantum Mechanics + Special relativity — Quantum Field Theory
(QFT)

» Every particle is ‘associated’ with a unique ‘Field’

» Lagrangian (£) is used instead of Hamiltonian H, because unlike L,

Hamiltonian is NOT Lorentz invariant in general

» These fields are NOT dimensionless:

Spin-0 — [E]
Spin-1/2 — [E3/?]
Spin-1 — [E]
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> A ‘Field’ has an average value , and also quantum fluctuations ®(x)

» ®(x) has different Fourier components (components having different
momenta)

» If a fluctuation occurs with a momentum p
AND if the fluctuation can travel over the space-time
then it results in an ‘excitation’
— 'THE PARTICLE' having momentum p
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» Story begins with physicists trying to develop a QFT to explain the
B-decay: n — pt+e  + 1,
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B-decay: n — pt+e  + 1,

Y,
N yevter GF / T

» QFT for Electricity and Magnetism was known — Quantum
Electrodynamics (QED)
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» Story begins with physicists trying to develop a QFT to explain the
B-decay: n — pt+e  + 1,

Y,
N yevter GF / T

» QFT for Electricity and Magnetism was known — Quantum
Electrodynamics (QED)

> Try a similar theory empirically:

Lr= —% (B(x)vun(x)) (B(x)y*v(x)).... GF — Fermi constant

Similarity with QED interactions:  e(&(x)y,e(x)) A*(x)
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> It was later experimentally observed that the actual form of the
factors is p(x) v,.(1 —7s) n(x)
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> It was later experimentally observed that the actual form of the
factors is p(x) v,.(1 —7s) n(x)

> Agreed with theory on previous slide ‘AT LOW ENERGY’

» Try to study e e — e U AT HIGH ENERGY

Vv, e
<><¢ +\) Ve ‘/e,
*gT e 2\ <

Ge & &
G G "
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Time for Feynman diagrams!
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The Heisenberg's uncertainty principle allows violation of energy
conservation to create heavy particles for a very short time. But they
combine before they can reach the detector. The effect of this can be
seen ONLY at high energies.
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X
/ ~
A
/ B D
\/cd&x i

Vevlex 2_

What we want to measure is:

If we send in particles A and B with certain momenta and energies, then
how many M and N particles, with what momenta and energies are
detected in the detector.
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X ¥

2R ~ VAN
7 = 5 o AN
B AN
7/ D ~
probebiligq

(Probability that A and B interacted to pop out C and D)
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\
X X
¢ ~ // N
//‘/ e >_’ // _l N
RN \
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(Probability that A and B interacted to pop out C and D) X (Probability
that detected M and N originated from interaction between C and D)
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PROBABILITIES 3 4

X
/ ~
7
B

prodabilitgl ?-roba.bih'w‘j 2

b

(Probability that A and B interacted to pop out C and D)

X (Probability that detected M and N originated from interaction
between C and D)

X (Probabilities that C and D coming from A and B are the same that
resulted in M and N)
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PROPAGATORS 4 C,D

X
/ ~

7

B

e

?Yobab-l )')*j‘]_ ?Yoba,bi’\'-‘:j 9

(Probability that A and B interacted to pop out C and D)

X (Probability that detected M and N originated from interaction
between C and D)

X (Propagators of C and D)
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Pixfe = Q“\'?L

7
‘g,
AN Z
N
5 \
FTRELS

Energy conservation allows any value and direction of 4-momentum ‘k’
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Pixfe = Q“\'?L

N> g
I/ \\ ! QI
e\ \\ / K \ /
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Gt

So one needs to integrate over all the values of ‘3+1 dimensional’ k
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Not exactly probabilities,
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Not exactly probabilities, but more

like ‘probability amplitudes’
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Back to

r
®

Re™ J Tz
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Back to

v, e
PR
%Tef RN e

Ge % G

— —
Re™ J Tz

HIGH ENERGY (E) diagram ~ oo
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Back to

e Y & Vo 3
+
e 4 %
a T % I
Ge & &
2z N/ Tz
HIGH ENERGY (E) diagram ~ oo

LOW ENERGY "Cross-section” o ~ G2 E?
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Back to

v, e
.’-
%Tef j% 6T:"°

Ge &
Re™ J Tz

HIGH ENERGY (E) diagram ~ oo

~ Probability

LOW ENERGY "Cross-section” o ~ G# E? ~ 2

Probability <1 = E <300 GeV
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Back to

|Probabi|ity that it happens in a particular way: Partial Wave Analysis

v, e
.’-
%Te j% 6T:"°

Ge &
Re™ J Tz

HIGH ENERGY (E) diagram ~ oo

~ Probability

LOW ENERGY "Cross-section” o ~ G# E? ~ =

Probability <1 = E <300 GeV
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> Replicate QED: Lyeak = g (B(x)yuve(x)) WH(x) =g _/Hweak WH,

W is CHARGED and MASSIVE unlike the photon in QED
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Then following diagram is also possible

o~ \J/

|

Vv

LONGITUDINAL
PoLARI ZATION
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~ Probability

o~ GtE? ~ 2

Probability <1 = E <1800 GeV
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~ Probability

o~ GtE? ~ 2

Probability <1 = E <1800 GeV

AGAIN PROBLEM IN HIGH ENERGY BEHAVIOR!!!
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Add interaction from ~ ey, W* T ve and WHW? (5,W,,)

(T' are some 3 matrices we have to find such that the cancellation

occurs)

No <HARGE
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> The cancellation requires
‘Commutator’, [T?2, Tb] — TaTb _ TbTa_—; Zc eabe Tc
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> The cancellation requires
‘Commutator’, [T?2, Tb] — TaTb _ TbTa_—; Zc eabe Tc

= SU(2) group symmetry !l (T's are ‘Generators of the group’)

» Construct Lagrangian of (Weak + QED) — ELECTROWEAK
THEORY (SU(2) x U(1) symmetry)

W* and A* combine to give W=, Z° and photon v
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The cancellation requires
‘Commutator’, [T2, T?] = T2TP — TPT2 = S, eabe Tc

= SU(2) group symmetry !l (T's are ‘Generators of the group’)

Construct Lagrangian of (Weak + QED) — ELECTROWEAK
THEORY (SU(2) x U(1) symmetry)

W* and A* combine to give W=, Z° and photon v

What does it mean to ‘have a symmetry'?

Recall ‘PHASE’ of a wave function in QM.

Absolute ‘PHASE’ (multiply wave fn. by ~ Exp(ia)) of a wave

function is ‘arbitrary’ i.e. even when it changes, the physical
properties of the system don't change
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The cancellation requires
‘Commutator’, [T2, T?] = T2TP — TPT2 = S, eabe Tc

= SU(2) group symmetry !l (T's are ‘Generators of the group’)

Construct Lagrangian of (Weak + QED) — ELECTROWEAK
THEORY (SU(2) x U(1) symmetry)
W* and A* combine to give W=, Z° and photon v

What does it mean to ‘have a symmetry'?

Recall ‘PHASE’ of a wave function in QM.

Absolute ‘PHASE' (multiply wave fn. by ~ Exp(ic)) of a wave
function is ‘arbitrary’ i.e. even when it changes, the physical
properties of the system don't change

In QFT, this phase is PHASE of the symmetry group i.e. transform
‘FIELDS’ by ~ Exp(i)_, T?a?) or so

So under such phase change, the Lagrangian must be invariant

— GLOBAL GAUGE INVARIANCE
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Masses of W's

> Perfectly GLOBAL-GAUGE INVARIANT if we add mass term
~ MZ W, WH
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Masses of W's

> Perfectly GLOBAL-GAUGE INVARIANT if we add mass term
~ MZ W, WH
» BUT Gauge transformation on an electron here causes all the

electrons in the universe (space-time) undergo the same

transformation

24
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Masses of W's

> Perfectly GLOBAL-GAUGE INVARIANT if we add mass term
~ MZ W, WH
» BUT Gauge transformation on an electron here causes all the

electrons in the universe (space-time) undergo the same

transformation

This symmetry should be LOCAL instead of GLOBAL = o — «(x)
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Masses of W's

> Perfectly GLOBAL-GAUGE INVARIANT if we add mass term
~ MZ W, WH
» BUT Gauge transformation on an electron here causes all the

electrons in the universe (space-time) undergo the same

transformation
This symmetry should be LOCAL instead of GLOBAL = o — «(x)

» Problem: mass term like /\/Ilz,v W, W*# is not invariant under

LOCAL SU(2) GAUGE SYMMETRY !l
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» What if W's are massless??
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» What if W's are massless??

> But W’s must have masses to get the correct low energy behavior
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» What if W's are massless??
> But W’s must have masses to get the correct low energy behavior

» What about masses of fermions?
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v

What if W's are massless??

> But W’s must have masses to get the correct low energy behavior

v

What about masses of fermions?

» Mass term like meW Wy also breaks the ‘local’ gauge invariance.
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v

What if W's are massless??

> But W’s must have masses to get the correct low energy behavior

v

What about masses of fermions?

» Mass term like meW Wy also breaks the ‘local’ gauge invariance.

v

What if fermions (say, electrons) are massless??

Ajinkya S. Kamat, U. Virginia (UVa) Why is the Brout-Englert-Higgs Mechanism Needed? GPSA talk, 2grd October, 2013 25



» What if W's are massless??

> But W’s must have masses to get the correct low energy behavior
» What about masses of fermions?

» Mass term like meW Wy also breaks the ‘local’ gauge invariance.
» What if fermions (say, electrons) are massless??

> Recall Bohr radius for a Hydrogen atom:

1
Rox —

me

= No m. — No atoms — No chemistry!!!
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We need something else to give
masses to the W's and the

fermions! |

Ajinkya S. Kamat, U. Virginia (UVa) Why is the Brout-Englert-Higgs Mechanism Needed? GPSA talk, 2grd October, 2013 2



BROUT-ENGLERT-HIGGS
MECHANISM
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BROUT-ENGLERT-HIGGS
MECHANISM

Will discuss in the next talk on 11th November (tentative) same time

same place
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Thank You :
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