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Plan of Lectures

I. Standard Neutrino Properties and Mass Terms (Beyond Standard)

II. Effects ofν Mass. Neutrino Oscillations in Vacuum and Matter

III. The Data and The Emerging Picture. Some Implications
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Plan of Lecture I

Historic Introduction

Neutrinos in the SM

Neutrino Properties:

Helicity versus Chirality, Majorana versus Dirac

Neutrino Mass Terms Beyond the SM

Dirac vs Majorana, Lepton Mixing

Direct Probes of Neutrino Mass Scale
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Discovery of ν’s

• At end of 1800’s radioactivity was discovered and three types identified:α, β, γ
β : anelectroncomes out of the radioactive nucleus.

• Energy conservation⇒ e− should have had a fixed energy

(A,Z) → (A,Z + 1) + e− ⇒ Ee = M(A,Z + 1) −M(A,Z)

But 1914James Chadwick showed thatthe electron energy spectrum is continuous

Do we throw away the energy conservation?
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Discovery of ν’s

• The idea of theneutrinocame in 1930, whenW. Paulitried a desperate saving
operation of ”the energy conservation principle”.

In his letter addressed to the “Liebe Radioaktive Damen und Her-

ren” (Dear Radioactive Ladies and Gentlemen), the participants

of a meeting in Tubingen. He put forward the hypothesis that

a new particle exists as “constituent of nuclei”, the “neutron” ν,

able to explain the continuous spectrum of nuclear beta decay

(A,Z) → (A,Z+1)+e−+ν

• Theν is light (in Pauli’s words: “the mass of theν should be

of the same order as thee mass”),neutraland hasspin 1/2

• In order to distinguish them from heavy neutrons,Fermipro-

posed to name themneutrinos.
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First Detection of ν’s
In 1934,Hans BetheandRudolf Peierlsshowed that the cross

section betweenν and matter should be so small that aν go

through the Earth without deviation

In 1953 Frederick Reinesand Clyde Cowan

place a neutrino detector near a nuclear plant

400 litters of water

and cadmium chloride.

νe + p→ e+ + n

e+ annihilatese− of the surrounding material givingtwo simultaneousγ’s.

neutroncaptured by a cadmium nucleus with emission ofγ’s some15 msec after

The neutrino was there. Its tag was clearly visible
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Neutrino Helicity

• The neutrino helicity was measured in 1957 in a experiment byGoldhaberet al.

• Using the electron capture reactione
− + 152Eu→ ν + 152Sm∗

→152Sm+ γ

with J(152Eu) = J(152Sm) = 0 andL(e−) = 0

• Angular momentum

conservation⇒
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+
−

1
2 = +

−
1
2

+
−1 ⇒ Jz(ν) = − 1

2Jz(γ)

• Nuclei are heavy⇒ ~p(152Eu) ≃ ~p(152Sm) ≃ ~p(152Sm∗) = 0

So momentum conservation⇒ ~p(ν) = −~p(γ) ⇒ ν helicity= γ helicity

• Goldhaber et al foundγ had negative helicity⇒ ν has helicity−1
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The Other Flavours
ν coming out of a nuclear reactor isνe because it is emitted together with ane−

Question:Is it different from the muon type neutrinoνµ that could be associated to
themuon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of

producing an intenseν beam from

π’s decay (produced when a proton

beam of GeV energy hits matter)

Schwartz, Lederman, Steinberger

andGaillard built a spark chamber

(a 10 tons of neon gas) to detectνµ

They observe40ν interactions: in6 ane− comes out and in34aµ− comes out.

If νµ ≡ νe ⇒ equal numbers ofµ− ande−⇒ Conclusion:νµ is a different particle

In 1977Martin Perldiscovers the particletau≡ the third lepton family.

Theντ was observed byDONUT experiment at FNAL in1998(officially in Dec. 2000).
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p

Sources of ν’s
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The Big Bang

ρν = 330/cm3

Eν =0.0004 eV
SN1987

Eν ∼ MeV

The Sun
νe

ΦEarth
ν = 6 × 1010ν/cm2s

Eν ∼ 0.1–20 MeV
Atmosphericν′s
νe, νµ, νe, νµ

Φν ∼ 1ν/cm2sHuman Body
Φν = 340 × 106ν/day

Nuclear Reactors

νe

Eν ∼ few MeV

Accelerators
Eν ≃ 0.3–30 GeV

Earth’s radioactivity
Φν ∼ 6 × 106ν/cm2s
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• Spin-0 particleφ: (1, 2, 1
2 )

φ =

(
φ+

φ0

)
SSB→ 1√

2

(
0

v + h

)

QEM = TL3 + Y

• ν’s are TL3 = 1
2 compo-

nentsleptondoubletLL

• ν’s haveno strong or EM

interactions

• No νR (they aresingletsof

gauge group)
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SM Fermion Lagrangian

L =

3∑

k=1

3∑

i,j=1

Qi
L,kγ

µ
(
i∂µ − gs

λa,ij

2 Ga
µ − g τa

2 δijW
a
µ − g′ Y

2 δijBµ

)
Qj

L,k

3∑

k=1

3∑

i,j=1

+U i
R,kγ

µ
(
i∂µ − gs

λa,ij

2 Ga
µ − g′ Y

2 δijBµ
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U j
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kk′QL,k(iτ2)φUR,k′ + λd
kk′QL,kφDR,k′+λl

kk′LL,kφER,k′ + h.c.
)
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• Invariant under global rotations

qi → eiαB/3qi li → eiαLi
/3li νi → eiαLi

/3νi

⇒ Accidental (≡ not imposed)globalsymmetry: B × Le × Lµ × Lτ

⇒ Each lepton flavour,Li, is conserved

⇒ Total lepton numberL = Le + Lµ + Lτ is conserved
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Number of Neutrinos
• The counting oflight active left-handed neutrinosis based on the family structure

of the SM assuming a universal diagonal NC coupling:

ν

νZ jµ
Z =

∑

α

ν̄αLγ
µναL

• Formνi
< mZ/2 one can use the totalZ-width ΓZ to extractNν

Nν =
Γinv

Γν
≡ 1

Γν
(ΓZ − Γh − 3Γℓ)

=
Γℓ

Γν

[√
12πRhℓ

σ0
hm

2
Z

−Rhℓ − 3

]

Γinv= the invisible width

Γh= the total hadronic width

Γl= width to charged lepton

Leads Nν = 2.9840 ± 0.0082
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• A fermion masscan be seen as at aLeft-Right transition

mffLfR + h.c. (this is notSU(2)L gauge invariant)

• In the Standard Model mass comes fromspontaneous symmetry breakingvia
Yukawa interaction of the left-handed doubletLL with the right-handed singletER:

Ll
Y = −λl

ijLLiERjφ+ h.c. φ = the scalar doublet

• After spontaneous symmetry breaking

φ
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0
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2



⇒ Ll

mass = −ĒLM
ℓER + h.c. with M ℓ = 1√

2
λl v

In the SM:

– There are no right-handed neutrinos
⇒ No renormalizable (ie dim≤ 4) gauge-invariant operator for tree levelν mass

– SM gauge invariance also implies an accidental symmetry
Gglobal

SM = U(1)B × U(1)Le
× U(1)Lµ

× U(1)Lτ

In SM Neutrinos areStrictly Massless
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Helicity versus Chirality

• We define thechiral projections PR,L =
1 ± γ5

2

ψ = ψL + ψR ψL =
1 − γ5

2
ψ ψR =

1 + γ5

2
ψ

• In the SM the neutrino interaction terms

Lint =
i g√

2
[j+µ W

−
µ + j−µ W

+
µ ] +

i g√
2 cos θW

jZ
µ Zµ

j−µ = l̄αγµPLνα α = e, µ, τ j+µ = j−µ
†
jZ
µ = ν̄αγµPLνα

⇒ νL interact andνR do not interact

⇒ chirality statesarephysical states for weak interactions
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Helicity versus Chirality

• We define thechiral projections PR,L =
1 ± γ5

2

ψ = ψL + ψR ψL =
1 − γ5

2
ψ ψR =

1 + γ5

2
ψ

• In the SM the neutrino interaction terms

Lint =
i g√

2
[j+µ W

−
µ + j−µ W

+
µ ] +

i g√
2 cos θW

jZ
µ Zµ

j−µ = l̄αγµPLνα α = e, µ, τ j+µ = j−µ
†
jZ
µ = ν̄αγµPLνα

⇒ νL interact andνR do not interact

⇒ chirality statesarephysical states for weak interactions

• However what Goldhaber measured was thehelicity not the chiralityof ν
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• For massive spinors at high energies (E ≫ m)

u± 1

2

(p) ≡ P±u(p) → PR,Lu(p) ≡ uR,L(p)

v± 1

2

(p) ≡ P∓v(p) → PL,Rv(p) ≡ vL,R(p)
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−1 =
X

s,~p

h

bs(~p)us(~p)e
−ipx + a

†
s(~p)vs(~p)eipx

i

= −C ν
T = −iγ

2
ν
∗

(C = iγ2γ0)

⇒ These two fields can rewritten in terms of 4 chiral fields
νL , νR , (νR)C , (νL)C with ν = νL + νR and νC = (νL)C + (νR)C

(Notice that(νL)C is the right-handed part ofνC and(νR)C is the left)
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The difference arises fromthe mass term
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• L(Dirac)
mass involves the four chiral fieldsνL , νR , (νL)C , (νR)C

⇒ Total Lepton numberis conservedby construction(not accidentally):
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U(1) νc = e−iα νc and U(1) ν = e−iα ν so U(1) νc = eiα νc

⇒L(Maj)
mass breaksU(1) (so it can only appear for particles without electric charge)

⇒ Breaks Total Lepton Number⇒L(Maj)
mass not generated at any loop level in the SM
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• Onedoes notintroduceνR but uses that the field(νL)c is right-handed, so that one

can write aLorentz-invariantmass term

L(Maj)
mass = −1

2
νc

LM
ν
MνL + h.c. ≡ −1

2

∑

k

mkν
M
i νM

i

Mν
M =Majorana mass forν’s is symmetric V νTMMV ν = diag(m1,m2,m3)

⇒ The eigenstates ofMν
M are Majorana particles

νM = V ν†νL + (V ν†νL)c (verify νM c
i = νM

i )

⇒ But SU(2)L gauge inv is broken⇒L(Maj)
mass not possible at tree-level in the SM

• Moreover under anyU(1) symmetry withU(1) ν = eiα ν

U(1) νc = e−iα νc and U(1) ν = e−iα ν so U(1) νc = eiα νc

⇒L(Maj)
mass breaksU(1) (so it can only appear for particles without electric charge)

⇒ Breaks Total Lepton Number⇒L(Maj)
mass not generated at any loop level in the SM

• in SMB − L is non anomalous⇒L(Maj)
mass not generated non-perturbatively in SM
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Lepton Mixing

• Charged current and mass for3 charged leptonsℓi andN neutrinosνj in weak basis

LCC+LM = − g√
2

3∑

i=1

ℓWL,iγ
µνW

i W+
µ −

3∑

i,j=1

ℓWL,iMℓijℓ
W
R,j−

1

2

N∑

i,j=1

νc
i

WMνijν
W
j +h.c.
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RijℓR,j νW
i = V ν

ijνj

V ℓ
L

†
MℓV

ℓ
R = diag(me,mµ,mτ ) V νTMνV

ν = diag(m2
1,m

2
2,m

2
3, . . . ,m

2
N )

V ℓ
L,R≡ Unitary3 × 3 matrices V ν≡ UnitaryN ×N matrix.
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3, . . . ,m

2
N )
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• The charged current in the mass basis

LCC = − g√
2
ℓiL γ

µ U ij
LEP νj W

+
µ

ULEP ≡ 3 ×N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
L

†ik
V νkjP ν

jj
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ULEP ≡ 3 ×N matrix U ij
LEP =

3∑

k=1

P ℓ
iiV

ℓ
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†ik
V νkjP ν

jj
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ii phase absorbed inli
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kk phase absorbed inνi (only possible ifνi is Dirac)
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ii phase absorbed inli

• P ν
kk phase absorbed inνi (only possible ifνi is Dirac)
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†
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• For 3 Majoranaν’s : 3 Mixing angles+ 1 Dirac Phase+ 2 Majorana Phases

ULEP =

0

B

B

@
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0 c23 s23

0 −s23 c23

1

C

C

A

0

B

B

@

c13 0 s13eiδ

0 1 0
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C

C

A

0

B

B

@
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C

A

0

B

B

@

1 0 0

0 eiφ2 0

0 0 eiφ3

1

C

C
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Effects of ν Mass
• Neutrino masses can have kinematic effects

• Also if neutrinos have a mass the charged current interactions of leptons are not
diagonal (same as quarks)

g√
2
W+

µ

∑

ij

(
U ij

LEP ℓ
i γµ Lνj + U ij

CKM U i γµ LDj
)

+ h.c.

j

W
+

l
_

i

ν

W
+

_

i

u
j

d
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diagonal (same as quarks)
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• SM gauge invariancedoes not implyU(1)Le
× U(1)Lµ

× U(1)Lτ
symmetry
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Effects of ν Mass
• Neutrino masses can have kinematic effects

• Also if neutrinos have a mass the charged current interactions of leptons are not
diagonal (same as quarks)

g√
2
W+

µ

∑

ij

(
U ij

LEP ℓ
i γµ Lνj + U ij

CKM U i γµ LDj
)

+ h.c.

j

W
+

l
_

i

ν

W
+

_

i

u
j

d

• SM gauge invariancedoes not implyU(1)Le
× U(1)Lµ

× U(1)Lτ
symmetry

• Total lepton numberU(1)L = U(1)Le+Lµ+Lτ
canbe orcannot bestill a

symmetry depending on whether neutrinos areDirac or Majorana
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• Fermi proposed a kinematic search ofνe mass from beta spectra in3H beta decay

3H →3 He+ e+ νe

• For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T ) ≡
√

dN
dT

1
Cp E F (E) ∝

√
(Q− T )

√
(Q− T )2 −m2

β

T = Ee −me,Q= maximum kinetic energy, (for3H beta decayQ = 18.6 KeV)

Taking into account mixingmβ ≡
√∑

m2
νj
|Uej |2
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• Fermi proposed a kinematic search ofνe mass from beta spectra in3H beta decay

3H →3 He+ e+ νe

• For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T ) ≡
√

dN
dT

1
Cp E F (E) ∝

√
(Q− T )

√
(Q− T )2 −m2

β

T = Ee −me,Q= maximum kinetic energy, (for3H beta decayQ = 18.6 KeV)

Taking into account mixingmβ ≡
√∑

m2
νj
|Uej |2

•mν 6= 0 ⇒ distortion from the straight-line at the end point of the spectrum

mβ = 0 ⇒ Tmax = Q

mβ 6= 0 ⇒ Tmax = Q−mβ

νm

K (T)

Q
T

– At present only a bound:mβ < 2.2 eV (at 95 % CL) (Mainz & Troisk experiments)

– Katrin operating to improve present sensitivity tomβ ∼ 0.3 eV
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Neutrino Mass Scale: Other Channels

Muon neutrino mass
• From the two body decay at rest

π− → µ− + νµ

• Energy momentum conservation:

mπ =
√
p2

µ +m2
µ +

√
p2

µ +m2
ν

m2
ν = m2

π +m2
µ − 2 +mµ

√
p2 +m2

π

• Measurement ofpµ plus the precise

knowledge ofmπ andmµ ⇒mν

• The present experimental result bound:

meff
νµ

≡
√∑

m2
j |Uµj |2 < 190 KeV
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hadronic final states
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ντ

≡
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Neutrino Mass Scale: Other Channels

Muon neutrino mass
• From the two body decay at rest

π− → µ− + νµ

• Energy momentum conservation:

mπ =
√
p2

µ +m2
µ +

√
p2

µ +m2
ν

m2
ν = m2

π +m2
µ − 2 +mµ

√
p2 +m2

π

• Measurement ofpµ plus the precise

knowledge ofmπ andmµ ⇒mν

• The present experimental result bound:

meff
νµ

≡
√∑

m2
j |Uµj |2 < 190 KeV

Tau neutrino mass

• Theτ is much heaviermτ = 1.776 GeV

⇒ Large phase space⇒ difficult precision

for mν

• The best precision is obtained from

hadronic final states

τ → nπ + ντ with n ≥ 3

• Lep I experiments obtain:

meff
ντ

≡
√∑

m2
j |Uτj|2 < 18.2 MeV

⇒ If mixing anglesUej arenot negligible

Best kinematic limit on Neutrino Mass Scale comes from Tritium Beta Decay
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(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude involves the product of two leptonic currents:
[
eγµLν

][
eγµLν

]
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(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude involves the product of two leptonic currents:
[
eγµLν

][
eγµLν

]

– If ν Dirac⇒ ν annihilatesaneutrinoandcreatesanantineutrino

⇒ no same state⇒ Amplitude = 0

– If ν Majorana⇒ ν = νc annihilates and createsa neutrino=antineutrino

⇒ same state⇒ Amplitude∝ ν (νc)T

]

6= 0

• Amplitude ofν-less-ββ decay is proportional to|〈mββ〉| = |
∑

U2
ejmj |
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ν-less Double-β Decay

(A,Z) → (A,Z + 2) + e− + e−

n

p

W

n

p

W
ν

e−

e−

• Amplitude involves the product of two leptonic currents:
[
eγµLν

][
eγµLν

]

– If ν Dirac⇒ ν annihilatesaneutrinoandcreatesanantineutrino

⇒ no same state⇒ Amplitude = 0

– If ν Majorana⇒ ν = νc annihilates and createsa neutrino=antineutrino

⇒ same state⇒ Amplitude∝ ν (νc)T

]

6= 0

• Amplitude ofν-less-ββ decay is proportional to|〈mββ〉| = |
∑

U2
ejmj |

• Problem is uncertainty in the nuclear matter elements
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0νββ Decay: Circa 2013

• Bounds from136Xe exp EXO and KamLAND-ZEN, and from76Ge exp Gerda

mββ . 0.15 – 0.5 eV
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0νββ Decay: Future
JJ Gomez-Cadenas, sl etal ArXiv:1109.5515

Experiment Mββ ε ∆E c Bgr/ROI

(kgββ ) (keV) (10−3 counts/(keV· kgββ · year)) (cts/yr)

EXO-200 141 0.34 100 0.78–5 11–71

GERDA-1 15.2 0.95 4.2 12–70 0.77–4.5

GERDA-2 30.4 0.84 2 1.2–7 0.07–0.43

CUORE-0 10.9 0.83 5 180–390 9.8–21.3

CUORE 206 0.83 5 36–130 37.1–134

KamLAND-Zen 357 0.61 250 0.22–1.8 19.6–161

MAJORANA Demonstrator 17.2 0.85 2 1.2–12 0.04–0.41

SNO+ 44 0.50 220 9–70 87–680

NEXT 89.2 0.33 18 0.2–1 0.32–1.6

SuperNEMO Demonstrator 7 0.28 130 0.6–6 0.55–5.5
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Massive ν in Cosmology

Relicν′s: Effects in several cosmological observations at several epochs

Primordial Cosmic Microwave Large Scale

Nucleosynthesis Background Structure Formation

BBN CMB LSS

T ∼ MeV T . eV

Number ofν′s (Nrel) Nrel and
∑
mν

Observables also depend on all other cosmological parameters
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Cosmological Analysis by Planck

Correlations Range of Bounds
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Example of cosmological bounds on mν

Dependence on Data Samples and Cosmological Model

Model Observables Σmν (eV) 95%

ΛCDM +mν Planck-lowL+τprior ≤ 1.31

ΛCDM +mν Planck+WP+highL(AL) ≤ 1.08

ΛCDM +mν Planck+Lens+WP+highL(AL) ≤ 0.85

ΛCDM +mν Planck+WP+highL ≤ 0.66

oΛCDM +mν Planck+WP+highL ≤ 0.98

ΛCDM +mν Planck+Lens+WP+highL+BAO ≤ 0.25

oΛCDM +mν Planck+Lens+WP+highL+BAO ≤ 0.36

Lesson for Particle Physicists:

Carefulwith what you callCosmological bound onmν
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– Accidentalglobalsymmetry: B × Le × Lµ × Lτ ↔mν ≡ 0

– neutrinos areleft-handed(≡ helicity -1): mν = 0 ⇒ chirality ≡ helicity

– No distinction betweenMajoranaor Dirac Neutrinos
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→ different ways of addingmν to the SM
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– conservingtotal lepton number→ Diracν: ν 6= νC

→ Lepton Mixing≡ breaking ofLe × Lµ × Lτ
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• In theSM:

– Accidentalglobalsymmetry: B × Le × Lµ × Lτ ↔mν ≡ 0

– neutrinos areleft-handed(≡ helicity -1): mν = 0 ⇒ chirality ≡ helicity

– No distinction betweenMajoranaor Dirac Neutrinos

• If mν 6= 0 → Need to extend SM

→ different ways of addingmν to the SM

– breakingtotal lepton number (L = Le + Lµ + Lτ ) → Majorana ν: ν = νC

– conservingtotal lepton number→ Diracν: ν 6= νC

→ Lepton Mixing≡ breaking ofLe × Lµ × Lτ

• From direct searches ofν-mass:mν ≤ O(eV )

Question: How to search formν ≪ O(eV )?

Answer: Tomorrow....


