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The “God particle’
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Higgs Field (popular science level)

Particle mass: inertia against acceleration

vacuum =

Excited states of Higgs field = Higgs particles

Vacuum = lowest energy state, could be full of

particles/energy ;
Animation from CERN



Elementary varticles

Three Generations
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Photon : Gluons

From Wikimedia
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Gauge fields must be
massless! Can't get
and nuclear forces.
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Basic concepts

Gauge symmetry and gauge interaction
Why must gauge fields be massless?
Spontaneous Symmetry Breaking
Higgs Mechanism: preserving gauge
symmetry, yet massive gauge fields



Gauge Symmetry

o Global symmetry: a transformation independent of (x, t) that leaves the
system unchanged. Eg. rotating the angle coordinates of all particles

0 —>0 +6 Y 0.p
constant, same for all particles anywhere :\\(9 . e
G- ............................ ¢ R
AO,= 0;- 0. independent of 0, \ X
* (Can we make the symmetry local?

0 (x,t) or 8P local gauge symmetry

o Yes, as long as each particle also carries 0 (t) and lets others Rnow:
imagine putting in a string between each pair of particles carrying the

information 0,,(t) and 0,1)

~ a gradient V @
» AO,=0-0006,-6F 9
ol 90]. 9 ~
/ Need a vector field to carry

gauge theory: add a vector field (gauge the info. —> gauge field
" field) to restore the local gauge symmetry — Eas vector potential A —> A +V 6



Free particle Schrodinger Equation:

0 h’
ih—uw(x,t -V X,t
Py w(x,t) - w(x,t)

— | l//|816’(x /)
Clearly have g[o6a[ gauge symmetry U(1): 86— 0 + ¢
Local U(1) Gauge Symmetry?
O(x,t) = O(x,0)+d(x) W YW '=ype

S cﬁrdéﬁnger Equation becomes:
( if(x) Fw 1 0 il Ve ly
\% gu = v|ye l| \Z

g |pe
= iho, ' = -(h2/2m)[ -2 W’

EXtra term "~ eoi ) Hoj

ip(x)

ip(x)

Free Schrodinger Equation does not obey local U(1) symmetry!
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Rescuing Local Gauge Symmetry

What if the particle is not free, but coupled to EM field?
Pp—>p+qgA (Griffiths Ch. 7)
\
EM Vector potential
Q.M.: p — -ihV= V-V + (ilh)gA

A—>A+Rilq)Ve gauge freedom:
choose any @(x) without affecting physics!

The extra term in the free Schrodinger Equation can be
cancelled by a gauge transformation in A!
s.t. tho, W’ = -(h*2m)[V + (ilh)gAP v’
i.e., local U(1) invariant! A = gauge field
EM coupling makes Schrodinger Equation local gauge invariant!
Requiring local gauge invariant gives rise to interaction!
symmetry > dynamics 12




Tauaqe theories

U(1) — EM is the simplest gauge theory.
SU(2) — Yang-Mills (0 becomes a2x2 unitary matrix)
SUQ3) — QCD (0 becomes a 3x3 unitary matrix)

All interactions are believed to be generated by gauge theories.

Special relativity: global Lorentz covariance
General relativity: local Lorentz covariance
General covariance: physics is invariant w.r.t. coordinate choice

Asymptotic freedom: needed for consistency of field theory, only true
for gauge theories!

But gauge fields must be massless!
Weak interaction: short-ranged — massive gauge fields!

13



Why must gauge fields be massless?
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Euler-Lagrange Equation

- Eq. of motion can be 'derived' from a Lagrangian
L=T-V =L(q,,q,;t) via Euler-Lagrange Equation 7=KE, V'=PE
d | oL oL

— === @
dt\ 0gq, oq,
- Generalization to field theory:

4 > $,(x), q; —> 0, ¢(x)

oL | oL
“100.8)] og
where £ = Lagrangian density = functional of ¢..

symmetries of Lagrangian — symmetries of equation of motion (eg.
Lorentz and gauge invariant)

(1) =0 (2)
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Mass of gauge fields

FEuler-Lagrange Eq. — equation of motion (F = ma) from Lagrangian

oL 0L Can construct Lagrangian from
O - o4 Rnown equations of motion

(0,9,

Can show that the mass of a particle (field) is given by the coefficient
of the quadratic term in L. Eg. L =Y, [5ﬂ¢ O4ep - m2 2] for a scalar field

Think of ¢ as oc number density of particles, each contributing
m? to enerygy density

Mass term for photons (if exists). -m?A“A ,

But gauge transformation: A —> A+ V@
.. Mass of photon (gauge fields) would violate local gauge symmetry!

Local U(1) symmetry — photon has exactly zero mass!
Good for EM, strong interactions, bad for weak (W, Z)! 16



Giving mass to gauge fields:
Spontaneous Symmetry Breaking
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Spontaneous Symmetry Breaking (SSB)

Symmetries of the Lagrangian/Hamiltonian may not be realized in all
states. ‘Eg. H atom: rotational symmetry is observed in 1s, but not in
some of the p states.

Not S§B: 1s
(g.s.) obeys

rotational

symmetry

Eg. some 2p orbitals that ‘break’
rotational symmetry

SSB = ground state does not obey a symmetry of the Lagrangian.
The symmetry is not broken for the dynamics, just hidden for the
ground state.

No external field is needed for this to occur (spontaneous)

Usually happen for systems with many possible degenerate ground

states, each hides the symmetry, but all together reveals it.



Examples of SSB

SSB: ground state of a system does not exhibit a symmetry of the Lagrangian

[
e _ 8§
@‘ <

| 4
o /8 "'

¢

e

S

. ‘ Axial symmetric pencil in vertical position
The system is symmetric w.r.t. left/right for is not the ground state.
each seat. The first person picking his/her glass The g. s. chooses a direction randomly: SSB.

induces SSB.

Note that SSB # no symmetry. The Lagrangian (dynamics) has the symmetry. It’s not exhibited

by one g.s., but restored if all degenerate g.s. are taken together. 19



More examples of SSB

Eg. ferromagnet: U = -S;-S, .| lowest energy state: all spins aligned

;

symmetric w.r.t. rotation: no preferred direction

J - "N A A L Zero external field
7 oo AR e
¥ 4—:: N A > T=0

These are all degenerate ground states, but each ‘breaks’ the symmetry of
the Hamiltonian. Al possible g.s. together ‘restores’ the symmetry.

<S> # () for any one possible g.s. } <S>\= 0— =+ Oi\ndication of SSB
<8> =0 if averaged over all possible g.s.] order parameter — condensate

External fields can also break the symmetry, but not SSB: Explicit
Symmetry Breaking. U=-5.-S..,-B-s,

20



Vacuum

| 4 e VYV VTV

-In quantum physics, the vacuum is not empty. It’s full of quantum
fluctuations (energy E, particle no. n, etc.)  E

- vacuum = lowest eneryy state /\ / /\ />
/\ ) /\\/ \/]/\(‘\ VAR
\/ 1/ N VAR RV

4

-usually, the average of fluctuations is zero: eg. <n>=0, <s>=0, ... if
the vacuum is symmetric V1
- SSB: possible to have symmetry broken
spontaneously in the ground state
eg. <¢>= @ # 0 (cf. magnetized medium) 4, &,
because of self interaction energy V. T~ ¢

T

ground states?!




Higgs Mechanism
Jdd
-there exists a field ¢ (bosonic), which condenses in v 4
the vacuum (BEC), s.t. <¢> = ¢, # 0, because of Excitations
self interaction V (P.E.) around §,—>
- Higgs field interacts with W, Z: interaction Pl
energy —> effective massm
g 2
¢0 ¢0A,uA'u_) % my A,uA'u ¢0
- But W, Z are intrinsically massless —> gauge Im ¢
symmetry ok, reo ¥ O degenerate
o BELCof ) ground states
® _®  ejfig:s
@ @ o @
We e e o
L [ @
|

Illustration taken from: 22



Higgs and fermion mass

Fermion mass can also be generated by interacting with Higgs field ¢:

L=L,+ ggwﬁw
Yukawa coupling

SSB: <¢p># 0—> mass term of W
m; ~ g;<¢>

Fermion masses generated from interacting with Higgs field!

Neutrinos, photons, gluons are assumed to be massless in the

Standard Model —>they do not interact with Higgs field; remain

massless.

23



Significance of the recent discovery

- Found a new heavy scalar particle (m ~ 125 GeV), Higgs-like

- New elementary particle!

- If Higgs boson:

Confirm Higgs Mechanism, Standard Model (SM)

Confirm gauge theory approach to interaction

Confirm electroweak unification, boost confidence on GUT
Discover a new force different from EM, Weak, Strong, gravity
Constrain details of Higgs mechanism and physics beyond SM

Leptons Quarks

- If not Higgs: even more exciting! et

Voo Vo Vo

- gives mass of e —> sizes of atoms
But not origin of all masses!

. Photon
Not even masses of elementary particles!



Mass of a proton/neutron

Most of your mass is in protons/neutrons
proton =u, u, d + gluons + qq pairs

u, d quark rest mass (few MeV s) negligible, gluons have zero rest mass
Where is the mass of the proton?
Major contributions: KE of quarks and gluons ~300 MeV

PE stored in the gluons, particularly instantons ‘
25 proven by mc*! '\~



mHopIR: T3 - ARG PRI ) 0 R F
B P

LA Times: “...the so-called God particle that theorists believe gives
all otﬁe}gﬁrtic[es mass.”

Nownews: T T 45 g ini L35 ¢ 4 s
TR 2R REHFEARN S ERE S GFN o

26



The Higgs Boson

1. The Higgs Mechanism — extremely simplified
2. Significance of the recent discovery

3. The detectors (John Leung)
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Classical field theory

Generalized coordinates: q, g.;i1=1, ..., N

L) — L(g,4) g. could even be a function of (x; t)
! l Eg. normal modes of a string.

 Field theory: use fields as generalized coordinates
* Lagrangian —> Lagrangian density — L(q, )—> £(9, 0,9,
¢i(>$<is a field (i labels different fields)

space-time coordinates

0,9, 1s treated as an independent field

Conjugate momentum density: 7,= 0.L/0,

Hamiltonian density: (@, x. )= m,¢. - L(§, O .9)

Ref.: Goldstein, ‘Classical Mechanics’. Landau, ‘Classical Field Theory 2s



Lagrangian Mechanics

Noether’s Theorem: symmetry — conservation
||

invariance under some operations

Eg. translation invariance (X — X + @) = momentum conservation

Global U(1) symmetry: y—> ey =0, ]”/=1 0; #* = E.M. current

N
Gauge symmetry —> Charge conservation!

Local U(1) symmetry: v —> ey = Maxwell equations!

Gauge fields — dynamics (eg. electrodynamics)




1. The mass term
Massless, free Klein-Gordon field: £ =72 0,¢ %9 Vacuum: ¢ =0
L= [0,p3%-m2g?] (1)

f

mass =(-a)'? , a = coefficient of the quadratic term
in @ (mass term)

Mass is the energy needed for an excited state above the vacuum.

With interaction: addition of a potential can hide the mass term. Eg.
£=10,9 00TV 120 i Q)
The mass is not -i W, (would be tachyon, but not physical)

because the vacuum (ground state)is not ¢ = 0.

30



U=-Yawg? +%2024%  (3)
Minima at ¢ =@ ; ¢ = /A
2 degenerate vacuua: ¢ =t¢,

Unstable (false) vacuum: ¢ =0 _=¢0 \¢0/ ¢=
Expand around ¢ =@ :  w=¢@-(L£¢) \< 7&’

Sy =0
U=Ys (W4 ) + 02 (ptg,) e

=y -2 2w - Vo 242+ Vi yt + BN P g,
=RV 4, £ My + 04,

=2y — Ve pt2 £ puyd + Vid2yt (4)

L=Y50,p 04y - WPY2 + Vo W/A2 A pyd - VA ()

/ \ /
KE forw  mass for =212 p potential for

Zero mass around ¢ = 0, but unphysical.
Physical excitations around = 0 have mass =27 .



Note that (2) and (S) are identical, except for a change of variable.
Symmetry: £(#) = L)
Spontaneous symmetry breaking (SSB): L(w)# L(-y) (w3 term in(5))

Interaction with the medium (described by the potential) — mass

32



2. SSB of continuous symmetry: Goldstone Theorem

Generalize (2) to two (real) fields:

£=40,0,0, + V2 0,0:0°, + V5 1A +42) - VP2 42 (6)
Minima of U: 2 + 2 = §.2 = p2/)2 Y
SSB: choose ¢, = @,, ¢, =0 as the vacuum

Expand around this vacuum: Y= ¢-@,
Mass term for ¢y: Vo W2 - 2 A2 2 =0

L=%0,yo"y+ "2 0,0,0'p, - WP
UMY+, - VahA (Y +4,%) + u(4n?) (T)

SSB: pick this as

v acquires a mass 2?1, but @, becomes massless!
the ground state

Goldstone Theorem: Spontaneous breaking of a continuous symmetry gives
rise to a massless scalar (Nambu-Goldstone Boson).

} , 33
But there’s no massless scalar particle observed!



4. What is Higgs Mechanism?

34



Higgs mechanism = SSB of gauge symmetry

Pictorially, it’s clear that the symmetry in (6) is rotation in (@, @,) plane,
—>can be represented in ‘polar form’ as symmetry w.r.t. 0.

o= ptig
L =Y (0,4) 0P+ V2 uX (g @) - k> (¢ @)’ (8)
L is clearly invariant w.r.t. ¢ — exp(i@)¢ (U(1) transformation).

Make local 0 (x) — U(1) gauge theory:

L= (D P DI+ " pX (P @) - Va M2 (¢ P — (V/16mMFHF,,, (9)

D,=0,+iqd,  Must couple to A to make L gauge invariant!

Now SSB!

35




SSB: Expand around the vacuum ¢ =(@,, 0) = ¢ = (¢, T w)exp(id,/@,)

<¢> = ¢0

|

y= 1~ 4, (real} 4, =W/ exgitatiohs
massive scalar Goldstone boson (massless)
. /
L="0,yoty - Wy + % 0,0,0'p
+ (g WA)A, A% - 2i(g WA)(O,,p)A* — (1/16m)F ,  FHY
+ intemctioyf terms (10)
mass term for gauge field! | m , = 21 2qu/\ gauge fie>c[energy

The mass of the gauge field comes from gauging
(0,—D,)and SSB around ¢ ~ @,

Note that Higgs mass (~ ) is related to massive
depends on the potential (0).

3 ¢A A" — > mAzAﬂAﬂ

boson mass m ,, but also

But there is still the unseen massless scalar (Goldstone boson) ¢, 36



Higgs Mechanism

Make use of the remaining gauge freedom in A, to cancel ¢,!
A,u — A,u T (Z/Q¢0) au¢2

L= (0,p)"3 y - L2yR + Ya(q WA, A4~ (1/16m)F*F,

+ {nteraction terms (11)

Higgs mechanism: SSB of gauge symmetry (SU(2))— massive vector
boson A, Goldstone boson got ‘eaten’ by the third polarization of A .

Electroweak theory: Higgs mechanism to make W*, Z heavy
A

7
Higgs particle: y (scalar particle(s) composite, ... ), mass related to those

of W, Z, but depends on details of potential.
Higgs condensate fills the vacuum: <¢>= @, 57



Higgs mechanism for superconductivity:
Ginzburg-Landau Model

¢ (x) = macroscopic complex wavefunction of Cooper pairs (Landau:

superfluid of electrons)
= ¢ (X)]explif (x)]
Density of pairs: | (x)?
Cooper pairs are charged —> coupled to external EM fields

Hamiltonian density:
H=(1/4m)[Dp* D] + V(9)
P=V +i2eA  minimal coupling; q = 2e for a Cooper pair

V(@) =a|p (x)I* + blg (x)[*

N /
Taylor expansion around ¢ = 0; a, b depend on T

Local U(1l) symmetry 6 (x)

38



Ginzburg-Landau Model

Normal state,a > 0 forT>T.: <¢p>=0

massless A, massive @

a <0 for T <T.: minima of V shifted to
|4, |> =-a/b, arbitrary phase

SSB: ground state of system picksa ~ GOLstone mode:

particular phase and breaks U(1): massless
<¢>= ¢, (Cooper pair condensate)

(1/4m)[Dp* DP| =(1/4m)[4e? @ *A?]

: : 1/2
A acquires an effective mass e, /m
—> Meissner effect

massive A (short range),
massive @ (gap)

Re ¢

Illustration taken from:

N\

\V/ o

0 ’¢

r<T

c

Higgs mode:

massive

@  degenerate

ground states
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S.SB and mass

- Ground state is the vacuum of a system
- must identify the correct vacuum before finding the excitations

and their masses! . e Eg. effective mass of e depends
® o o '
&t e O the lattice amz.ngeﬁlent.
€ o o o May even have directional
e o o ,
o dependence!
Eg. this is g.s. (vacuum not this
g g:s: (s ) - Zero external field
“— <« A —
<S>¢O<E0>:-A <s> =) <E0>:O

Excitations above the vacuum will have different energies above the
two states. Eg.: energy (mass) for .+, <E>=-A(1-2/N)

—<—
<«

m =2A/N for true vacuum
m =-A(1-2/N) for false vacuum (negative mass indicates wrong vacuim)



Gauge theory: generates interactions, renormalizable, but
gauge invariance — massless gauge fields

SSB: ground state may ‘break symmetry (but the
Lagangian does not). Excitations around the g.s. —
massive particles (Higgs) + massless Goldstone bosons

SSB of gauge fields: —> effective mass for gauge fields
0,—D, ,¢~¢, — (18m)m,?4, 4"

Make use of gauge freedom of A* to get rid of Goldstone bosons. Only

massive boson (Higgs) and massive gauge fields remain.

41



- Ground state of a system may not show the symmetries of the
Lagrangian (eg. <¢>#0)

- Need to expand around the true vacuum to identify the mass term

- SS§B of continuous symmetry — massless scalar (Goldstone boson)

* FHiggs mechanism

- Assume existence of a scalar field with some continuous gauge

symmetry — coupling to gauge field
- SSB of gauge symmetry — massive gauge field
- Use gauge freedom to eliminate Goldstone boson

- Electroweak: massive W*, Z
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