
Neutrinos,

In and Beyond the Standard Model:

– Typeset by FoilTEX – 2

Neutrinos,

In and Beyond the Standard Model:

Stephen Parke
Fermilab

– Typeset by FoilTEX – 2

Neutrinos,

In and Beyond the Standard Model:

Stephen Parke
Fermilab

• Standard Model

• Addition of Neutrino Mass

• Implications

– Typeset by FoilTEX – 2



Neutron Decay:

n→ p + e− + ν̄e

Solar Engine:
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SuperNova Cooling:

e+ + e− → ν + ν̄

Leptogenesis:
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Standard Model of Particle Physics

Gauge Theory based on the group:

SU(3)× SU(2)× U(1)

SU(3)⇒ Quantum Chromodynamics

Strong Force (Quarks and Gluons)

SU(2)× U(1)⇒ ElectroWeak Interactions broken to UEM(1)

by HIGGS (Tevatron, LHC)
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SUL(2)× UY (1)⇒ UEM(1)
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Force Carriers: W±, Z0 and γ masses: 80, 91 and 0 GeV
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up-quark, SU(2) singlets: uR, cR, tR
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neutrino, SU(2) singlets: −−−
charge lepton, SU(2) singlets: eR, µR, τR
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Electron mass

comes from a term of the form

L̄φeR

Absence of νR

forbids such a mass term (dim 4)

for the Neutrino
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Electron mass

comes from a term of the form

L̄φeR

Absence of νR

forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.
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Interactions:
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Majorana Neutrinos or Dirac Neutrinos?

The S(tandard) M(odel)

and

couplings conserve the Lepton Number L

defined by—

L(!) = L(l–) = – L(!) = – L (l+) = 1.

So do the Dirac charged-lepton mass terms
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Interactions:
ν̄α W− lα
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Invisible width of Z plus other data from LEP:

Z0 → νν̄

Implies Nν = 2.99± 0.01
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Neutrinos Come in at Least Three Flavors

The known neutrino flavors: !e  ,   !µ  ,  !"

Each of these is associated

with the corresponding

charged-lepton flavor: e   ,   µ  ,   "
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Note That

Implies

Observed
small L/E

Not Observed

– Typeset by FoilTEX – 7

Note That

Implies

Observed
small L/E

Not Observed

– Typeset by FoilTEX – 7



17

The Meaning of this Association
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Note That

Implies

Observed
small L/E (<< 1/δm2)

Not Observed
+ + −

large E (>> mν)
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Over short distances, neutrinos do not change flavor.

!" !µ

µ "

W

Short Journey

Does Not Occur

But if neutrinos have masses, and leptons mix, neutrino

flavor changes do occur during long journeys.

Observed
small L/E

Not Observed
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Note That

Implies

Observed
small L/E (<< 1/δm2)

Not Observed
+ + −

large E (>> mν)

neutrino beam (not anti-neutrino beam)
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Standard Model of Particle Physics

Gauge Theory based on the group:

SU(3)× SU(2)× U(1)

SU(3)⇒ Quantum Chromodynamics

Strong Force (Quarks and Gluons)

SUL(2)× U(1)⇒ ElectroWeak Interactions broken to UEM(1)

by HIGGS (Tevatron, LHC)
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Actually Le, Lµ, and Lτ
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Actually Le, Lµ, and Lτ separately
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Left Handed Nature of The Neutrino
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Left Handed Nature of The Neutrino

Produce Left-Handed Neutrinos

and Right-Handed Anti-Neutrinos
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! is the mass eigenstate, and has mass mD.

We have 4 mass-degenerate states:

!

!

!

!

This collection of 4 states is a Dirac

neutrino plus its antineutrino.

L is

conserved.

! !"

Left Handed Nature of The Neutrino

Produce Left-Handed Neutrinos

and Right-Handed Anti-Neutrinos

spin

momentum
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Left Handed Nature of The Neutrino

Produce Left-Handed Neutrinos

and Right-Handed Anti-Neutrinos

spin

momentum

What about the RH neutrinos and LH anti-neutrino ????
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How Can We Demonstrate That !
i
 = !

i
?

We assume neutrino interactions are correctly described by the
SM. Then the interactions conserve L (! " l– ; ! " l+).

An Idea that Does Not Work

[and illustrates why most ideas do not work]

   Produce a !i via—

#+
!i µ+$

Spin
Pion Rest Frame

%#(Lab) > %!(# Rest Frame)

#+

$ !i

µ+
Lab. Frame

Give the neutrino a Boost:
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SUL(2)× UY (1)⇒ UEM(1)
Force Carriers: W±, Z0 and γ masses: 80, 91 and 0 GeV

quark, SU(2) doublets:
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π+ decay

Left Handed anti-fermion

Suppressed by powers of mf

Why π+ → µ+νµ 99% and π+ → e+νe is 1%.

– Typeset by FoilTEX – 12

π+ decay

Left Handed anti-fermion

Suppressed by powers of mf

Why π+ → µ+νµ 99% and π+ → e+νe is 1%.

– Typeset by FoilTEX – 12

π+ decay

Left Handed anti-fermion

Suppressed by powers of mf

Why π+ → µ+νµ >99% and π+ → e+νe is 0.01%.
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Summary of ν’s in SM:

Three flavors of massless neutrinos

W− → l−α + ν̄α

W+ → l+α + να

α = e, µ, or τ

Anti-neutrino, ν̄α, has +ve helicity, Right Handed

Neutrino, να, has -ve helicity, Left Handed

νL and ν̄R are CPT conjugates

massless implies helicity = chirality

– Typeset by FoilTEX – 13



Beyond the SM

What if Neutrino have a MASS?

speed is less than c therefore time can pass

and

Neutrinos can change character!!!
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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?

– Typeset by FoilTEX – 14



NEUTRINO OSCILLATIONS:
Two Flavors

flavor eigenstates != mass eigenestates(
νµ

ντ

)
=

(
cos θ sin θ
− sin θ cos θ

) (
ν1

ν2

)
W’s produce νµ and/or ντ ’s

but ν1 and ν2 are the states

that change by a phase over time, mass eigenstates.

|νj〉 → e−ipj·x|νj〉 p2
j = m2

j
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Two Flavors

flavor eigenstates != mass eigenestates(
νµ

ντ

)
=

(
cos θ sin θ
− sin θ cos θ

) (
ν1

ν2

)
W’s produce νµ and/or ντ ’s

but ν1 and ν2 are the states

that change by a phase over time, mass eigenstates.

|νj〉 → e−ipj·x|νj〉 with p2
j = m2

j

α, β . . . flavor index i, j . . . mass index
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Production:

|νµ〉 = cos θ|ν1〉+ sin θ|ν2〉
Propogation:

cos θe−ip1·x|ν1〉+ sin θe−ip2·x|ν2〉
Detection:

|ν1〉 = cos θ|νµ〉 − sin θ|ντ〉
|ν2〉 = sin θ|νµ〉+ cos θ|ντ〉

P (νµ → ντ) = | cos θ(e−ip1·x)(− sin θ) + cos θ(e−ip2·x) sin θ|2

Same E, therefore pj =
√

E2 −m2
j ≈ E − m2

j
2E

e−ipj·x = e−iEte−ipjL ≈ e−i(Et−EL) e−im2
jL/2E

P (νµ → ντ) = sin θ cos θ|e−im2
2L/2E − e−im2

1L/2E|2
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√
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j ≈ E − m2

j
2E

e−ipj·x = e−iEte−ipjL ≈ e−i(Et−EL) e−im2
jL/2E

P (νµ → ντ) = sin2 θ cos2 θ|e−im2
2L/2E − e−im2

1L/2E|2

P (νµ → ντ) = sin2 2θ sin2 δm2L
4E

δm2 = m2
2 −m2

1 and δm2L
4E ≡ ∆ kinematic phase:

P (νµ → ντ) = sin2 2θ sin2 δm2L
4h̄cE
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1

Neutrino Flavor Change (Oscillation) 
in Vacuum

W W

!

Source Target

l"(e.g. µ)
+

l#(e.g. $)
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(!")                             (!#)

Approach of 

B.K. & Stodolsky( )

Amp 

U"i*
U#iProp(!i)

W W

Source Target

!i

l"
+ l#

-

=$Amp

i

Uαj =
(

cos θ sin θ
− sin θ cos θ

)
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Uαj =
(

cos θ sin θ
− sin θ cos θ

)
e−im2

jL/2E
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Amplitude∑
Uαj =

(
cos θ sin θ
− sin θ cos θ

)
e−im2

jL/2E
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Amplitude∑
Uαj =

(
cos θ sin θ
− sin θ cos θ

)
e−im2

jL/2E
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P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E

〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

flavor

flavor oscillations

effectively incoherent mass eigenstates
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Appearance:

Disappearance:



P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E
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P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E

L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation
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Limits

small L/E: P (νµ → ντ) = sin2 2θ (δm2L
4E )2

large L/E : P (νµ → ντ) = sin2 2θ1
2 = cos4 θ + sin4 θ
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P (νµ → νµ) = 1− sin2 2θ sin2 δm2L
4E

〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
Fixed Eν

Spread Eν

L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

flavor

flavor oscillations

effectively incoherent mass eigenstates
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〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

– Typeset by FoilTEX – 19

–graph–

Limits

small L/E: P (νµ → ντ) = sin2 2θ (δm2L
4E )2

large L/E : P (νµ → νµ) = 1− P (νµ → ντ) = 1− sin2 2θ(1
2) = cos4 θ + sin4 θ

large L/E : P (νµ → ντ) = sin2 2θ(1
2) = 2 cos2 θ sin2 θ

large L/E : P (νµ → νµ) = cos4 θ + sin4 θ
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〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation

flavor

flavor oscillations

effectively incoherent mass eigenstates
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–graph–

Limits

small L/E: P (νµ → ντ) = sin2 2θ (δm2L
4E )2

large L/E : P (νµ → νµ) = 1− P (νµ → ντ) = 1− sin2 2θ(1
2) = cos4 θ + sin4 θ
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〈P (νµ → νµ)〉 = 1− sin2 2θ
〈
sin2 δm2L

4E

〉
L0 = 4πE/δm2

⇑ sin2 2θ ⇓
Oscillation Length Amplitude of Oscillation
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W+ → µ+ + ν1 probability cos2 θ

W+ → µ+ + ν2 probability sin2 θ

probability ν1 contains νµ is cos2 θ

probability ν2 contains νµ is sin2 θ
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Averaging over many oscillations ⇒
W+ → µ+ + ν1 probability cos2 θ

W+ → µ+ + ν2 probability sin2 θ

probability ν1 contains νµ is cos2 θ

probability ν2 contains νµ is sin2 θ
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Averaging over many oscillations ⇒
Understood in terms of probability

W+ → µ+ + ν1 probability cos2 θ

W+ → µ+ + ν2 probability sin2 θ

probability ν1 contains νµ is cos2 θ

probability ν2 contains νµ is sin2 θ

– Typeset by FoilTEX – 20



What happens to the neutrino oscillation length
in the semi-classical limit, h̄→ 0 ?

• Losc →∞
• Losc → 0

• Other
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