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Standard Model of Particle Physics

Gauge Theory based on the group:
SU(3) x SU(2) x U(1)

SU(3) = Quantum Chromodynamics

Strong Force (Quarks and Gluons)

SUr(2) x U(1) = ElectroWeak Interactions broken to Ugjps(1)
by HIGGS (Tevatron, LHC)




SUL(Q) X Uy(l) —> UEM(l)

Force Carriers: W=, Z9 and ~ masses: 80, 91 and 0 GeV

t
quark, SU(2) doublets: ( v ) , ( - ) : ( )
d ), \s /), \b/,

up-quark, SU(2) singlets: ug, cg,tr

down-quark, SU(2) singlets: dg, sgr,br

lepton, SU(2) doublets: ( Ve ) ,( Vi > ,( T )
©Jr mJr )L

neutrino, SU(2) singlets:

charge lepton, SU(2) singlets: egr, ur, Tr



Electron mass

comes from a term of the form
Z_}gbeR
Absence of vp

forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.



Interactions:

Charge Current (CC)

W= =1 + v,

Neutral Current (NC)
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Invisible width of Z plus other data from LEP:
7V — v

Implies NV = 2.99 = 0.01

Three Active Neutrinos!!!

Sterile Neutrinos don't couple to Z°



Note That
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Not Observed

small L/E (<< 1/6m?)



Observed

neutrino beam (not anti-neutrino beam)
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Standard Model

couplings conserve the Lepton Number L
defined by —

L(v)=L(/)=—L{#%) =-L (¢*) = 1.

Actually L., L,, and L~

separately



L eft Handed Nature of The Neutrino

[ Va
Vo, _

Produce Left-Handed Neutrinos
and Right-Handed Anti-Neutrinos

spin
» V
= > Vv

momentum

What about the RH neutrinos and LH anti-neutrino 7777
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Left Handed anti-fermion

Suppressed by powers of m

Why 7t — uty, >99% and 77 — eTv, is 0.01%.



Summary of v's in SM:

Three ftlavors of massless neutrinos
W= =1, + 1,
W+ — 1T+ v,
a=e,l, or T
Anti-neutrino, 7,, has +ve helicity, Right Handed
Neutrino, v,, has -ve helicity, Left Handed
vy, and v are CPT conjugates

massless implies helicity = chirality



Beyond the SM
What if Neutrino have a MASS?

speed Is less than c therefore time can pass

and

Neutrinos can change character!!!

What are the stationary states?

How are they related to the interaction states?



NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates # mass eigenestates
7 cosf sinf 1
v )\ —sinf cosf Vo

W's produce v, and/or v;'s

but 1 and 1o are the states

that change by a phase over time, mass eigenstates.

v;) — e Pty p?=m?

o, 3 ... flavor index 2,7 ... mass index



Production:
v,) = cosf|vy) + sinf|va)
Propogation:
cos fe” P % 1) + sin fe P2 % |vy)
Detection:
lv1) = cosf|v,) —sinf|v;)

lvg) = sinf|v,) + cosO|v,)

P(v, — vy) = |cosf(e”"1*)(—sin f) + sin §(e~"P2'*) cos 0|2



P(v, — v;) = |cosB(e 1) (—sin f) + sin f(e~P2%) cos 0|

m2

Same E, therefore p; = \/E2 m] ~F— 2

: : : : 2

szL/QE —zmlL/2E|2

P(v, — v,;) =sin”fcos? f|e~ e

_ 2 2 dm°L
P(v, — v;) = sin” 20 sin” “=

2
dm? = m3 —m? and 2L = A kinematic phase:




Amplitude

Ua

€
oY v /
Vi
>
Ui Prop(vi)

Source A

j —_—

i

cos 6
—sin @

sin 6
cos 6



Appearance:

w200 win2 dm2L
P(v, — v;) = sin” 20 sin” “%
Disappearance:
2 5m?L

P(v, — v,) =1 —sin® 20 sin” 22



P(v, — v,) = 1 — sin” 20 sin” dm°L

4F
small L/E: P(v, — v,) = sin”® 20 (5"Z§L)2
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(P(v, — v,)) =1 —sin® 260 <Sin2 5T;L>

Spread E,
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effectively incoherent
mass eigenstates



(P(v, — v,)) =1 —sin® 260 <Sin2 5T;L>

Averaging over many oscillations =
1 — sin” 260(3) = cos? 6 + sin® 0
Understood in terms of probability

W — uT + vy probability cos? @
W+ — ut + vy probability sin” @
probability v4 contains v, is cos? 6

probability v contains v, is sin” @



What happens to the neutrino oscillation length
in the semi-classical limit, h — 0 7

LOSC — OO
LOSC — O
Other



