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Neutrinos oscillate...

... and have mass ⇒ physics beyond the Standard Model

I Lecture I: Neutrinos and physics beyond the Standard Model
I Lecture II: Neutrino Oscillation phenomenology
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Dirac versus Majorana neutrinos

Dirac versus Majorana mass
construct a Lorentz-invariant mass terms from chiral spinors

I Dirac mass term: two independent chiral 4-spinor fields ψL and ψR

−mψ̄RψL + h.c. = −mψ̄ψ with ψ = ψL + ψR

ψ contains annihilation and creation operators a, b† → particles and
antiparticles with positive and negative helicities (4 dof)

I Majorana mass term: one independent chiral 4-spinor field ψL

1
2

mψT
L C−1ψL + h.c. = −1

2
mψ̄ψ with ψ = ψL + (ψL)c

with C charge conjugation matrix and (ψL)c ≡ CγT
0 ψ

∗
L

ψ fulfills the Majorana condition ψ = ψc

ψ contains annihilation and creation operators a, a† → only particles
with positive and negative helicity (2 dof)
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Dirac versus Majorana neutrinos

Lepton number

I Dirac mass term:

−mψ̄RψL + h.c. = −mψ̄ψ with ψ = ψL + ψR

invariant under a U(1) symmetry ψL,R → e iαψL,R
conserved quantum number (charge, lepton number,. . . )
⇒ any charged Fermion has to be a Dirac particle

I Majorana mass term:

1
2

mψT
L C−1ψL + h.c. = −1

2
mψ̄ψ with ψ = ψL + (ψL)c

no U(1) symmetry ⇒ cannot assign a conserved quantum number
(e.g., charge or lepton number) to a Majorana particle
⇒ a Majorana mass term violates lepton number
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Dirac versus Majorana neutrinos

Dirac mass matrix

Let’s consider n-generations of Dirac neutrinos:

−ν̄RMνL + h.c. = −ν̄ ′Rmν ′L + h.c.

where νL,R , ν
′
L,R are vectors of length n and M is an arbitrary complex

n × n matrix which can be diagonalized with a bi-unitary transformation:

U†
RMUL = m .

Here m is a diagonal matrix with real and positive entries, UR ,UL are
unitary matrices and

νL = ULν
′
L νR = URν

′
R
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Dirac versus Majorana neutrinos

Majorana mass matrix
Let’s consider n-generations of Majorana neutrinos:

1
2
νT

L C−1MνL + h.c. =
1
2
ν ′

T
L C−1mν ′L + h.c.

where νL, ν
′
L are vectors of length n and M is a symmetric complex n × n

matrix:
M = MT

(follows from anticommutation of fermionic fields and CT = −C ).
Such a matrix can be diagonalized by

UT
L MUL = m ,

where m is a diagonal matrix with real and positive entries, UL is a unitary
matrix, and

νL = ULν
′
L
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Dirac versus Majorana neutrinos

Lepton mixing

LCC,` = − g√
2

W ρ ¯̀Lγρ UPMNS ν
′
L − ¯̀Rm(`)`L + h.c.

LDirac = −ν̄ ′Rmν ′L + h.c. or LMaj =
1
2
ν ′

T
L C−1mν ′L + h.c.

UPMNS ≡ (U(`)
L )†UL

Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix

I U(`)
L from the diagonalisation of the charged lepton mass matrix

I UR and U(`)
R are unphysical
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Lepton mixing

LCC,` = − g√
2

W ρ ¯̀Lγρ UPMNS ν
′
L − ¯̀Rm(`)`L + h.c.

LDirac = −ν̄ ′Rmν ′L + h.c. or LMaj =
1
2
ν ′

T
L C−1mν ′L + h.c.

In processes where only LCC (and/or LNC) is relevant one cannot
distinguish between Dirac or Majorana neutrinos

⇒ need a lepton-number violating process
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2

W ρ ¯̀Lγρ UPMNS ν
′
L − ¯̀Rm(`)`L + h.c.

LDirac = −ν̄ ′Rmν ′L + h.c. or LMaj =
1
2
ν ′

T
L C−1mν ′L + h.c.

for Dirac neutrinos we can redefine fields as

ν ′L → e iανν ′L, ν
′
R → e iανν ′R , `L → e iα``L, `R → e iα``R ,

which leads to UPMNS → e−iα`UPMNSe iαν . This can be used to eliminate
phases on the right and left of UPMNS, only “Dirac phases” remain physical:

UPMNS → VDirac

for 2 (3)-flavours VDirac contains 0 (1) phases
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Dirac versus Majorana neutrinos

Lepton mixing

LCC,` = − g√
2

W ρ ¯̀Lγρ UPMNS ν
′
L − ¯̀Rm(`)`L + h.c.

LDirac = −ν̄ ′Rmν ′L + h.c. or LMaj =
1
2
ν ′

T
L C−1mν ′L + h.c.

for Majorana neutrinos we can only redefine leptons but not neutrinos:

`L → e iα``L, `R → e iα``R → UPMNS → e−iα`UPMNS

cannot absorb phases on the right side of UPMNS
⇒ (n − 1) physical Majorana phases

UPMNS → VDiracDMaj with DMaj = diag(e iαi /2)
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Dirac versus Majorana neutrinos

Oscillations cannot distinguish btw Dirac and Majorana

effective Hamiltonian in matter:

Hν
mat = Udiag

(
0,

∆m2
21

2Eν
,
∆m2

31

2Eν

)
U† + diag(

√
2GF Ne , 0, 0)

H ν̄
mat = U∗diag

(
0,

∆m2
21

2Eν
,
∆m2

31

2Eν

)
UT︸ ︷︷ ︸

Hvac

− diag(
√

2GF Ne , 0, 0)︸ ︷︷ ︸
Vmat

Ne(x): electron density along the neutrino path

I oscillations are lepton number conserving
I U = VDiracDMaj ⇒ Majorana phases do not show up in oscillations

T. Schwetz (MPIK) Neutrino physics I Sept 2012 10 / 38



Dirac versus Majorana neutrinos

Neutrinoless double beta decay

(A,Z ) → (A,Z + 2) + 2e−

lepton number violating process

Γ ∝
∑

i

U2
eimi

depends also on Majorana phases

an observation of neutrinoless DBD
implies Majorana nature of neutrinos
Schechter, Valle, 1982; Takasugi, 1984

If neutrinoless DBD is observed, it is not possible to find a symmetry
which forbids a Majorana mass term for neutrinos ⇒ in a "natural" theory
a Majorana mass will be induced at some level.
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The Standard Model and neutrino mass

Fermion masses in the Standard Model

fermions of one generation:

quarks: QL =

(
uL
dL

)
, uR , dR leptons: LL =

(
νL
eL

)
, eR

mass terms from Yukawa coupling to Higgs φ

LY = −λd Q̄LφdR − λuQ̄Lφ̃uR + h.c. −λe L̄LφeR + h.c.

EWSB → −md d̄LdR −muūLuR + h.c. −me ēLeR + h.c.

φ̃ ≡ iσ2φ
∗, md = λd

v√
2
,mu = λu

v√
2
,me = λe

v√
2
, 〈φ〉 = 1√

2

(
0
v

)

No mass term for neutrinos because of absence of νR
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The Standard Model and neutrino mass

In the SM neutrinos are massless because. . .

I there are no right-handed neutrinos to form a Dirac mass term, and

I because of the field content and gauge symmetry lepton number 1 is
an accidental global symmetry of the SM and therefore no Majorana
mass term can be induced.

Neutrino mass implies physics beyond the Standard Model

1B-L at the quantum level
T. Schwetz (MPIK) Neutrino physics I Sept 2012 14 / 38
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The Standard Model and neutrino mass

Why are neutrino masses so small?
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The Standard Model and neutrino mass

Why is lepton mixing large?

Lepton mixing:

UPMNS =
1√
3

 O(1) O(1) ε
O(1) O(1) O(1)
O(1) O(1) O(1)



Quark mixing:

UCKM =

 1 ε ε

ε 1 ε

ε ε 1
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The Standard Model and neutrino mass

Is there a special pattern in lepton mixing?

example: Tri-bimaximal mixing
Harrison, Perkins, Scott, PLB 2002, hep-ph/0202074

sin2 θ12 = 1/3 , sin2 θ23 = 1/2 , sin2 θ13 = 0 ⇒

U =


√

2/3 1/
√

3 0
−1/

√
6 1/

√
3 1/

√
2

1/
√

6 −1/
√

3 1/
√

2



“In trouble” since θ13 measurments: 0 → 0.15
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The Standard Model and neutrino mass

Structure versus anarchy?

Maybe the mixing angles are just random numbers? Murayama et al.

probability of more special pattern is 44% deGouvea, Murayama, 1204.1249
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Giving mass to neutrinos

Let’s add right-handed neutrinos to the SM

quarks: QL =

(
uL
dL

)
, uR , dR leptons: LL =

(
νL
eL

)
, eR , NR

LY = −λe L̄LφeR − λν L̄Lφ̃NR + h.c.

EWSB → −me ēLeR −mD ν̄LNR + h.c.

φ̃ ≡ iσ2φ
∗, me = λe

v√
2
, mD = λν

v√
2
, 〈φ〉 = 1√

2

(
0
v

)
, v = 246 GeV

SM + Dirac neutrinos:

I λν . 10−11 for mD . 1 eV (λe ∼ 10−6)
I why is there no Majorana mass term for NR?
⇒ have to impose lepton number conservation as additional
ingredient of the theory to forbid Majorana mass
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Giving mass to neutrinos

Let’s allow for lepton number violation

LY = −λe L̄LφeR − λν L̄Lφ̃NR +
1
2

NT
R C−1M∗

RNR + h.c.

What is the value of MR?

We do not know!

There is no guidance from the SM itself because NR is a gauge singlet
MR is a new scale in the theory, the scale of BSM physics
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Giving mass to neutrinos

Right-handed neutrinos at which scale?

I a comon prejustice is that they should be heavy:
1015 GeV (GUT-motivation?) → seesaw
1010 GeV (Leptogenesis)

I maybe they have mass in the TeV range, related to L-R symmetry
around the electro-weak scale (→ would come together with WR)

I maybe they have mass in the GeV range
(Leptogenesis by oscillations) Shaposhnikov et al

I maybe they have mass in the keV range (warm dark matter)

I maybe they have mass in the eV range (SBL neutrino oscillations)

I maybe they have a mass highly degenerate with the active neutrinos
(10−5 eV2) → missing upturn of Pee in solar neutrinos deHolanda, Smirnov

I maybe some combination out of all those
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Giving mass to neutrinos

The Dirac+Majorana mass matrix

LY = −λν L̄Lφ̃NR +
1
2

NT
R C−1M∗

RNR + h.c.

EWSB → LM = −mDN̄RνL +
1
2

NT
R C−1M∗

RNR + h.c.

using ψT C−1 = −ψc , ψc ≡ CψT

⇒ LM =
1
2

nT C−1
(

0 mT
D

mD MR

)
n + h.c. with n ≡

(
νL
Nc

R

)

νL contains 3 SM neutrino fields, NR can contain any number r of fields
(r ≥ 2 if this is the only source for neutrino mass, often r = 3)

mD is a general 3× r complex matrix, MR is a symmetric r × r matrix
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Giving mass to neutrinos Type-I Seesaw

The Seesaw mechanism

let’s assume mD � MR , then the mass matrix
(

0 mT
D

mD MR

)
can be

approximately block-diagonalized to(
mν 0
0 MR

)
with mν = −mT

D M−1
R mD ∼ −

m2
D

MR

where mν is the induced Majorana mass matrix for the 3 SM neutrinos.
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mν 0
0 MR

)
with mν = −mT

D M−1
R mD ∼ −

m2
D

MR

where mν is the induced Majorana mass matrix for the 3 SM neutrinos.

Seesaw:

νL are light because NR are heavy
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The Seesaw mechanism

let’s assume mD � MR , then the mass matrix
(

0 mT
D

mD MR

)
can be

approximately block-diagonalized to(
mν 0
0 MR

)
with mν = −mT

D M−1
R mD ∼ −

m2
D

MR

where mν is the induced Majorana mass matrix for the 3 SM neutrinos.
mD = λv/

√
2

I assuming λ ∼ 1 we need MR ∼ 1014 GeV for mν . 1 eV
very high scale - close to ΛGUT ∼ 1016 GeV
GUT origin of neutrino mass?

I mD could be lower, e.g., mD ∼ me ⇒ MR ∼ TeV
e.g., TeV scale L-R symmetric theories
potentially testable at collider experiments like LHC
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Giving mass to neutrinos Type-II Seesaw

Type-II Seesaw

We do not need right-handed neutrinos to give mass to νL!

Let’s add a triplet ∆ under SU(2)L to the SM:

L∆ = fab LT
a C−1 iτ2∆ Lb + h.c. ,

∆ =

(
H+/

√
2 H++

H0 −H+/
√

2

)
The VEV of the neutral component 〈H0〉 ≡ vT/

√
2 induces a Majorana

mass term for the neutrinos:

1
2
νT

LaC−1mν
ab νLb + h.c. with mν

ab =
√

2 vT fab
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Giving mass to neutrinos Type-II Seesaw

Type-II Seesaw

mν
ab =

√
2 vT fab . 10−10 GeV

scalar potential: Lscalar(φ,∆) = −1
2

M∆Tr∆†∆ + µφ†∆φ̃+ . . .

µ-term violates lepton number (∆ has L = −2)

minimisation of potential: vT ' µ
v2

M2
∆

T. Schwetz (MPIK) Neutrino physics I Sept 2012 26 / 38
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Type-II Seesaw

mν
ab =

√
2 vT fab . 10−10 GeV

scalar potential: Lscalar(φ,∆) = −1
2

M∆Tr∆†∆ + µφ†∆φ̃+ . . .

µ-term violates lepton number (∆ has L = −2)

minimisation of potential: vT ' µ
v2

M2
∆

Type-II seesaw: heavy triplet

µ ∼ M∆ ∼ 1014 GeV ⇒ vT ∼
v2

M∆
∼ mν , fab ∼ O(1)
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Giving mass to neutrinos Type-II Seesaw

Type-II Seesaw

mν
ab =

√
2 vT fab . 10−10 GeV

scalar potential: Lscalar(φ,∆) = −1
2

M∆Tr∆†∆ + µφ†∆φ̃+ . . .

µ-term violates lepton number (∆ has L = −2)

minimisation of potential: vT ' µ
v2

M2
∆

triplet at the EW scale O(100 GeV): M∆ ∼ v ⇒ vT ∼ µ

need combination of "small" µ and "small" fab
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Giving mass to neutrinos Type-II Seesaw

The triplet at LHC

pp → Z ∗(γ∗) → H++H−− → `+`+ `−`−

doubly charged component of the triplet:

∆ =

(
H+/

√
2 H++

H0 −H+/
√

2

)
very clean signature: two like-sign lepton paris with the same invariant
mass and no missing transverse momentum; practically no SM background

Decays of the triplet:

Γ(H++ → `+a `
+
b ) =

1
4π(1 + δab)

|fab|2M∆ ,

⇒ proportional to the elements of the neutrino mass matrix!
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Giving mass to neutrinos Type-II Seesaw

Type I+II seesaw

assume NR , ∆L, ∆R (e.g., L− R symmetric theories or SO(10) GUTs)

〈∆L〉 gives Majorana mass term for νL
〈∆L〉 gives Majorana mass term for νL
Yukawa with Higgs gives Dirac mass term(

ML mT
D

mD MR

)
⇒ mν = ML −mT

D M−1
R mD

assuming ML � mD � MR
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Giving mass to neutrinos Two expamples for TeV-scale neutrino mass

R-parity violating SUSY

In SUSY usually conservation of R-parity

R ≡ (−1)2S+3B+L

is introduced to prevent large B and/or L violation
(fast proton decay, too large neutrino masses)
as a bonus it provides a stable LSP for Dark Matter

Allow for “tiny” R-parity violation ⇒

neutrino mass generation is related to lepton number violating terms in
superpotential

can study neutrino properties by observing R-parity violating decays of the
LSP (neutralino) at LHC
e.g.: Diaz, Dedes, Eboli, Hirsch, Porod, Restrepo, Romao, Valle, . . .
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Giving mass to neutrinos Two expamples for TeV-scale neutrino mass

Radiative neutrino mass generation

Ex.: Zee-Babu model Zee, 85, 86; Babu 88 add SU(2)-singlet scalars: h+, k++

Lν = fαβLT
α Ciσ2Lβh+ + gαβec

RαeRβk++ + µh−h−k++ + h.c.

mν ≈
µ

48π2m2
k

f m` g∗ m` f T

good prospects to see doubly-charged scalar at LHC → like-sign lepton events
if k++ is within reach for LHC, tight constrains by perturbativity requirements
and bounds from LFV Babu, Macesanu, 02; Aristizabal, Hirsch, 06; Nebot et al., 07, Ohlsson, TS, Zhang, 09

T. Schwetz (MPIK) Neutrino physics I Sept 2012 30 / 38



Giving mass to neutrinos Weinberg operator and summary

The Weinberg operator

Assume there is new physics at a high scale Λ. It will manifest itself by
non-renormalizable operators suppressed by powers of Λ.
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Giving mass to neutrinos Weinberg operator and summary

The Weinberg operator

Assume there is new physics at a high scale Λ. It will manifest itself by
non-renormalizable operators suppressed by powers of Λ.

In the 1930’s Fermi did not know about W and Z bosons, but he could write
down a non-renormalizable dimension-6 operator to describe beta decay:

g2

Λ2 (ēγµν)(p̄γµn)

I Fermi knew about charge conservation →
his operator is invariant under U(1)em

I Today we know that Λ ' mW , and we know the UV completion of
Fermi’s operator, i.e. the electro-weak theory of the SM.
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Giving mass to neutrinos Weinberg operator and summary

The Weinberg operator

Assume there is new physics at a high scale Λ. It will manifest itself by
non-renormalizable operators suppressed by powers of Λ.

Weinberg 1979: there is only one dim-5 operator consistent with the gauge
symmetry of the SM, and this operator will lead to a Majorana mass term
for neutrinos after EWSB:

Y 2 LT φ̃∗ φ̃†L
Λ

−→ mν ∼ Y 2 v2

Λ

3 tree-level realizations of the Weinberg operator:

I Type I: fermionic singlet (right-handed neutrinos)
I Type II: scalar triplet
I Type III: fermionic triplet
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Giving mass to neutrinos Weinberg operator and summary

High-scale versus low-scale seesaw

can obtain small neutrino masses by making Λ very large or Y very small
(or both)

I High scale seesaw: Λ ∼ 1014 GeV, Y ∼ 1
I "natural" explanation of small neutrino masses
I Leptogenesis
I very hard to test experimentally

I Low scale seesaw: Λ ∼ TeV
I link neutrino mass generation to new physics testable at colliders
I observable signatures in searches for LFV
µ→ eγ, τ → µγ, µ→ eee, ...
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Leptogenesis

Outline

Dirac versus Majorana neutrinos

The Standard Model and neutrino mass
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Type-I Seesaw
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Leptogenesis

The baryon asymmetry
the asymmetry between baryons and antibaryons in the early Universe was
ηB ∼ 10−10:

baryons: + 10 000 000 001
antibaryons: − 10 000 000 000

us: 1

BUT: in the SM this is a HUGE number

3 Sacharow conditions:
I violation of Baryon number
I CP violation
I out of equilibrium processes

Are fulfilled in the SM, but ηSM
B is many orders of magnitude too small!

⇒ requires physics beyond the SM
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Leptogenesis

Leptogenesis

M. Fukugita, T. Yanagida, Phy. Lett. B174, 45 (1986)

assume type-I seesaw with heavy (∼ 1010 GeV) right-handed neutrinos N

I out of equilibrium decay of N → φ`

I CP asymmetry in N decays: Γ(N → φ+`−) 6= Γ(N → φ−`+)
due to tree- and loop-level interference

net-lepton number L is generated

I L is transformed to baryon number by non-perturbative B − L
conserving (but B + L violating) sphaleron processes in the SM
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Leptogenesis

Leptogenesis

(+) elegant mechanism to explain baryon asymmetry

(+) links neutrino physics to our existence

(+) many versions (with or without lepton number violation, for all types
of seesaw, Dirac Leptogensis, TeV-scale Leptogenesis, . . . )

(−) in general can neither be tested nor excluded by low-energy
experiments at best we can obtain “circumstantial evidence”:

I observe neutrinoless double beta decay (Majorana nature),
I observe CP violation in oscillations,

but none of them is necessary for successful Leptogenesis
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Conclusion

Conclusion

I We had exciting discoveries in the last years in neutrino physics,
implying that the Standard model has to be extended in some way.

I More potentially exciting discoveries are ahead.

I Together with results from collider experiments at the TeV scale,
searches for charged lepton flavour violation, and astroparticle
physics, neutrinos may provide crucial complementary information on
physics beyond the Standard Model and a possible theory of flavour.

Thank you for your attention!
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