
PHY4$9 Week 13:

Neutrino Oscillations;
The Higgs Mechanism

-

Neutrin Oscillations and Masses

Recall CRM matrixfor quark flavor changing:

(a) (re)(i)
aat interaction vertices distriesin
a

e,,t

Similarly, same situation crises with neutrinos

(i):(iii)(ii)
instates



· Also recall time-dependence which arises from the

Schrodinger equation

144) =1410K elEnt/

A neutrino in a mass cigenstate will stay in that

eigenstate, i.e. a flavour state is a linear combination

of mass eigenstates:

IVa) =4x 1U,) +HazI2> + HasIUs]

for x =e,u,x.

For a neutrino in its restframe evolving atthe

proper time, the state then evolves as

Irab= 4 Ha e-imme pric

Proper time , mass in is elapsed energy in rest

france ofparticle
MR* =p.x =Ext-Pi:*

so thatin other referenceframes ar

find that



- iCEkt-P,*)
(rihIWa =E Main e

· Suppose that the flavour state is composed of

mass states all with energy E and ExMi,

Pi =VE2-m" * E/1-)
so the state evolves as

- i[Ex(t-2 +E)Irah= 2, Make I I
IicL

Overall phase L:spatial
parameter,
dimensions

-Ma eiiwin) length

Theamplitude ofa measurementbetween two states

Ira) -> (U) is then

[rpIva =2 exie-in (up(Un)
e*

-I wante-im



And squaring gives the probability
Patp(2):1[Velrabi

-Sai-4RelMateri
1Mme= MY -Me

~ZimmersineAmplitude
- prevents

sinusoidal in E

Two-flavour moderl:

For e, m leptons, we can write

COS &

(i):Esine.) (i)
Where cost, sineare jet coefficientsthat enferen

normalization. Then

Me? =We?-ma
Duta=sin20) sin2)-M4
Date = 1 - Sink(20) sin2(-4

a conserve probability
Paase + Pua=1.



· Neutrino Sources Energies:
- Nuclear fission/fusion 3 o(Mer- Solar energy (3% ofsun radiation is neutrinos)

- Meson/avon decays, atmospheric neutrinos) U(Ger)

· Detection

-large volume to gather neutrino interactions

- Antilleutrinos:"inverse p--decy"

Fe+p
-> et+n

W n +p =d+2(2.2MeV)
-

W

W Fr eS

↳ ne
ie
ir

Detectors usually consistof H20 or D20 (heavy water)

in below-ground acryliz/steel/PV2 casings, surrounded by

photomultiplier tubes to defect of emissions.



Review of Classical Field Theory

· Lagrangian mechames: L =5- V (9,7)

Principle ofleastaction 65 =f)"227,7,t)dt =0

implies"Euler-Lagnng"equations E):EF

· Classical Field Theory Formalismf(+) ->0(x)

So L -2(*(X), 8(1)
*

Lagrange density:2:Jax I

Hence, by 8S=0 we obtain the EL equations for

fields

Guais):
Common Lagrangians and their EOM:

Klein-Gordon
I ==8ngmy-2 2n24% +m2 =0. Spino

Diran
2 =i4y4 - m254 2 274 - m4 =0 Spine

wi Proce
2 =-4FMFur +AAr ↳ GuFMr +mA =0 Spin I



Local Gauge Invariance of Fields

· Dirce equation invariant under global phase transformation

ofthe spinor i
-> el** and FER.

Ifthe phase factor o isnow different at each spacetim

point o(XM we obtain the local phase transformation

4 - eiO(* y (spiner fields)
↳ Ont=eix() 4 +e*y4

from which
L

2 -> I-Fox Fry.
Instead het: afields unique up to

x(x)=- GO(xe), A: particle then a derivation of

charge sown function i(X)...
sends -e- 174 and

2 -2 +q(π2m4)8nx

· The Gauge transformation of the fields

An->An+fuil(rector field local invariance

by x(XY(
now leaves the Dirac Lagriungian density locally invariant, but

for fields with bilinears of the fields (ie, theProcu "mass terms"

A* An) is still not inveriant,MI is required for

invariance. -> Forced to introduce mussless meter field...



*

Classically, in EM, Al is electromagnetic potential 4-vector.

The total cause symmetry requires massless racter field,

2 =(:744-m44] - iFMFar- (9424) An
4: some

y I

perturbative
~ coupling between spine

parameter and mussless vector field

*Determine common Gauge transformation for both 4, A* fetin of it.

The local Garge invariance of the spiner field (Dirac e) i

is then

ONLY FOR

En4-s eif [8-iffaX] Y MASSLES) LECTOR
FIELDS

and we define the "Covariant Derivative" Dm:G+ ifAn

which takes into account the local transformation of An

and

Du4-e-i9X D4 "Minimal Coupling
Dule"

so the invariance of I is restored.

· In general, we can think of local Gauge invariance as a UIII

symmetry 4 - 44with esth =1

& Some eit



The Mass Term

· Gauge theories are renormalizable; the mass terms in the

Klein-Gordon/Proco equation are not locally invariant.

Photons/Gluons OK (Massless)

WI/Z0 Not on (Massive)

Mass terms in electroweak

theory vice chiral fermion (symmetry Su(z).ee(1)

coupling my4 NOT OK
violation (

How to reconcile?

· Consider the Lagrangian

2 =IEnygry +EY-"-
where y=0 is not a stable configuration Y=0 %

ofinteractions.

:Lowest energy state occurs when 4to

Feynman callus - perferbation theory of fields acting on vacuum State 107

to work



We can see that the minimum occurs when 4: IP,

from which we can define the new field 2 =4 =m,

which has the appropriate ground-state values, and the Lagrangian

becomes ...
/ couplings I

2 =[(k2)(2) - u2 =13 - ***+y(Y
A
mass term

m
=v2M
correct sign

and thisis the standard procedure for determining mass terms.

Spontaneous Symmetry Breaking

· Last example:discrete symmetry breaking.

Here:continuous symmetry breaking.

Consider the two-scular field Lagrangian

invariant under rotations in 0.02 field space.



yy =a minimaconditin

Expand about ground/vacuum state with fields

2=4, -*, 3:42.

Then mm:M Ma
=0 (mussless)

i

2 =(=(2)(2) -in +(=(m3)(3)] shiftin

↑I

-(ax +234) +(" +3" +222327- eggism
2

↳

e
e s. 33' a

Additional
- ① ①

⑧ ⑧

couplings ↳ 2 E
2 2 33 n3

Higgs Mechanism

· Consider the same Lagrangian density as last example,

2 ==840,84, +2222 +2M)4 +4)) - **,+424

butparametrize the fields into a complex field space

7 =4, +i Y2



so that yty:0, + 42.

Then

2 =I(2n4)(2my) +=m2 (444) - x" (y*y)"

Observe now that the %, rotational SO(2) Symmetry ca now

broken and cast into a UC symmetry under phase transformations

4 - etoy
but w/ scaler fields instead of spinous now.

As before, introduce the mussless Garge field coupling or vice the

covariant derivationD:Fn+ iqAm:

2 =

I(Dy*D*y] + mgty- x4*4)-- iFrFar

Let 2:4.-*, X:Y to breath continuous symmetry...
Kinetic

2 =(= (2)(2mn) -min2]:(2xrx] + (is FMF + (q) AnA]

+ (7/28nx- x22) A +eq2k(AnA) + 7x42YAA

- xr(n +nx7) - (2" +222x +x4)) couplings

+(**) EXAM +(E) shift



Observ that the mass of the renter field is given as

MA =27
~"Naurbu-Goldstore" Boson

em:(**) (x) A coupling in 1.

-*
- -

mmt
New interaction w/ vertex

(massless) (massive

which doesn'tmake sense (particles can't randomly change).

How to solve:justtransform the field away!

An->An+g*u(FuX)
Kinetic

2 =(= (2)(2mn) -min2]:(2xrx] + (is FMF + (q) AnA]

+ (7/28nx- x22) A +eq2k(AnA) + 7x42YAA

- xr(n +nx7) - (2" +222x +x4)) couplings

+(E) shift

Goldstone boson eliminated, leftwith a single massive

scaler field in (the "Higgs" particle)



The couplings in the Lagrange density are "Garge couplings"

Re x423 -------
q2ArA*2 -=

=.2

qAnA --rt in" r

Electroweat Symmetry Breaking

· We consider a weak isodoublet of wings fields

y =(B) = *E

with hypercharge 4 =1 =2 (a-Es) and Ingrangian

2 =(2mY) (2x4) - Migty +xyy)

↳ Y has a "ring"of degenerate vacuum states at

yy =-Eiy =i(v +(x)

· Introdue Gauge symmetry under SKI2), x Uy



In - Dr =2 + iywt.Wn+ly' Bu
I ->

Hypercharge Garge Boson

Isospir Poli
mutrices

=(Er(wewerethe
· Only considering the kinetic term in the Lagrangian:

2a =(2my)
+

(74) - (ImY) + (&m4)

with Day:etc (airwigimS (U+h)

28 -> (zuh)(2-h)

(2) ignlun'-iw?) -> I" (Whenwl(Wi-iw) [Wth)2
- igntig'B-(ignWn-ig"Bu) [-ignW+iy'BM) (Uth)

and the mass terms are then quadratic in the fields

(2) -> Er IWW+We"W):"(Win+Wiwi)
with Mw:IYwV.

his find that the kinetic Layrangian term can be expressed as

the matrix(in vacuum expectation value) in terms of

Wim, BM (W, Wim is diagonalized above



IDm 412 =Y(WE 3r)(y-8?)(e)
~Coster An-sintwZ

->Eu costumes - SinowB } s) =sinew An coste
such thatMA=0; Mz= Evgn" +912as eigenvalues.

We can compare the Mo, memasses to find

-

Mz =w such that tanta:I

· One remaining issue:fermion masses...

We found before that this breaths Gauge symmetry due to

the coupling of an SUL(2) doublet to a SULC2) singlet.

2 =
-y((re(Y)en+h.c]

*Couple the left chiral fields to theHiggs field,

we can generate an overall singlet.



By acquiring a vacuum expectation value, this becomes

the electron muss
ef

geV-Me --S

e-


