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angles
<latexit sha1_base64="tbpKa/Khyow6ktdoNTu1iVBH0A8="></latexit>

phases

<latexit sha1_base64="i+4mJyyYgzqJ0InHxqFWC8n/NRM="></latexit>

But phases can be reabsorbed in field redefinitions that leave the
<latexit sha1_base64="3P7fW0wR/C3zJk+4OTxtD1aWYEk="></latexit>

Lagrangian invariant
<latexit sha1_base64="jDDh0+EIK0Jz8433kstnZ9V+4TY="></latexit>

`↵ ! `0↵e
i✓↵

<latexit sha1_base64="kK2CDn+kGFw25A/wDxnEm9MsGzg="></latexit>

⌫i ! ⌫0ie
i✓i

<latexit sha1_base64="hnS/aIOjgf8oXzmrpRcKeVZRSTk="></latexit>)

<latexit sha1_base64="iWEpfBSUdfQrhAx1Ebj7y+DMfIY="></latexit>

Neutrino Oscillations: Introduction

<latexit sha1_base64="V4tuLppgsOLvq+pEMFAnwkw7CA0="></latexit>

A n⇥ n unitary matrix is parametrized by



zoom.us video

<latexit sha1_base64="xoOigRAnX1psvmP3h2p8LC9tJwY="></latexit>n

2
(n� 1)

<latexit sha1_base64="2Xb2P+Zp43chhVn217Dlg8tt1U0="></latexit>n

2
(n+ 1)

<latexit sha1_base64="gSjZNHhUvqWeZjJd7wZPqf83Y6k="></latexit>

angles
<latexit sha1_base64="tbpKa/Khyow6ktdoNTu1iVBH0A8="></latexit>

phases

<latexit sha1_base64="i+4mJyyYgzqJ0InHxqFWC8n/NRM="></latexit>

But phases can be reabsorbed in field redefinitions that leave the
<latexit sha1_base64="3P7fW0wR/C3zJk+4OTxtD1aWYEk="></latexit>

Lagrangian invariant
<latexit sha1_base64="jDDh0+EIK0Jz8433kstnZ9V+4TY="></latexit>

`↵ ! `0↵e
i✓↵

<latexit sha1_base64="kK2CDn+kGFw25A/wDxnEm9MsGzg="></latexit>

⌫i ! ⌫0ie
i✓i

<latexit sha1_base64="Kfp7caYVLNs0hApitjzllxrwqk8="></latexit>

n phases absorbed in the charged leptons
<latexit sha1_base64="jq6CiTvulzxVCgMl4fs0L3gTwi8="></latexit>

n� 1 phases absorbed in the neutrinos

<latexit sha1_base64="d+8UkerMIe8+FgUn0DmS6ie3swI="></latexit>n

2
(n+ 1)� 2n+ 1

<latexit sha1_base64="t6qvLMCMO7TMXLxWEQtVM7LJfHQ="></latexit>

physical phases

<latexit sha1_base64="hnS/aIOjgf8oXzmrpRcKeVZRSTk="></latexit>)

<latexit sha1_base64="iWEpfBSUdfQrhAx1Ebj7y+DMfIY="></latexit>

Neutrino Oscillations: Introduction

<latexit sha1_base64="V4tuLppgsOLvq+pEMFAnwkw7CA0="></latexit>

A n⇥ n unitary matrix is parametrized by



zoom.us video

<latexit sha1_base64="uHIRr19WjcE5gd9rG9hlyJZHwFs="></latexit>

However, if neutrinos are Majorana particles

<latexit sha1_base64="5bMy7SCr0KYKvqImx5fwgoOnKLY="></latexit>

mM⌫cL⌫L
<latexit sha1_base64="YKu9zHAQl4JMZABs/YeZw5JCV0A="></latexit>

mD (⌫L⌫R + ⌫R⌫L)
<latexit sha1_base64="zb1aBjOAGna7TSl7z5VpzTC7DtU="></latexit>

⌫c = i�0�2⌫L
t ⌘ C⌫L

t

<latexit sha1_base64="0cYIwFMpbQv8a+0+T/y18ellDpI="></latexit>

! lecture by Timo Kärkkäinen
<latexit sha1_base64="C5joZ0szRvJTAMKF0vov98vIXlo="></latexit>

• Dirac ⌫ mass
<latexit sha1_base64="dCm0S0v6ci2QZucE80zyHEOBFwo="></latexit>

• Majorana ⌫ mass
<latexit sha1_base64="S7b/ns1MdUMTY2sw5DOolWe72FA="></latexit>

with

<latexit sha1_base64="iWEpfBSUdfQrhAx1Ebj7y+DMfIY="></latexit>

Neutrino Oscillations: Introduction



zoom.us video

<latexit sha1_base64="uHIRr19WjcE5gd9rG9hlyJZHwFs="></latexit>

However, if neutrinos are Majorana particles

<latexit sha1_base64="5bMy7SCr0KYKvqImx5fwgoOnKLY="></latexit>

mM⌫cL⌫L
<latexit sha1_base64="YKu9zHAQl4JMZABs/YeZw5JCV0A="></latexit>

mD (⌫L⌫R + ⌫R⌫L) <latexit sha1_base64="TMLaf1q8KvU3WPsEknj0JBE+t68="></latexit>

not invariant under phase redefinition

<latexit sha1_base64="0cYIwFMpbQv8a+0+T/y18ellDpI="></latexit>

! lecture by Timo Kärkkäinen
<latexit sha1_base64="C5joZ0szRvJTAMKF0vov98vIXlo="></latexit>

• Dirac ⌫ mass
<latexit sha1_base64="dCm0S0v6ci2QZucE80zyHEOBFwo="></latexit>

• Majorana ⌫ mass

<latexit sha1_base64="TMLaf1q8KvU3WPsEknj0JBE+t68="></latexit>

not invariant under phase redefinition
<latexit sha1_base64="a8gtkB3SxNP0PVaq0dKrC0Qi5M4="></latexit>

(n� 1) additional phases
<latexit sha1_base64="sbx/GPLDC6mEaQhEL9NQwlhZBME="></latexit>

become physical (Majorana phases)

<latexit sha1_base64="EGqIgHruVLKDRZM9iHwJPdr0dOA="></latexit>

ei✓
<latexit sha1_base64="EGqIgHruVLKDRZM9iHwJPdr0dOA="></latexit>

ei✓

<latexit sha1_base64="iWEpfBSUdfQrhAx1Ebj7y+DMfIY="></latexit>

Neutrino Oscillations: Introduction



zoom.us video

<latexit sha1_base64="uHIRr19WjcE5gd9rG9hlyJZHwFs="></latexit>

However, if neutrinos are Majorana particles

<latexit sha1_base64="5bMy7SCr0KYKvqImx5fwgoOnKLY="></latexit>

mM⌫cL⌫L
<latexit sha1_base64="YKu9zHAQl4JMZABs/YeZw5JCV0A="></latexit>

mD (⌫L⌫R + ⌫R⌫L) <latexit sha1_base64="TMLaf1q8KvU3WPsEknj0JBE+t68="></latexit>

not invariant under phase redefinition

<latexit sha1_base64="0cYIwFMpbQv8a+0+T/y18ellDpI="></latexit>

! lecture by Timo Kärkkäinen
<latexit sha1_base64="C5joZ0szRvJTAMKF0vov98vIXlo="></latexit>

• Dirac ⌫ mass
<latexit sha1_base64="dCm0S0v6ci2QZucE80zyHEOBFwo="></latexit>

• Majorana ⌫ mass

<latexit sha1_base64="TMLaf1q8KvU3WPsEknj0JBE+t68="></latexit>

not invariant under phase redefinition
<latexit sha1_base64="a8gtkB3SxNP0PVaq0dKrC0Qi5M4="></latexit>

(n� 1) additional phases
<latexit sha1_base64="sbx/GPLDC6mEaQhEL9NQwlhZBME="></latexit>

become physical (Majorana phases)

<latexit sha1_base64="yOzsGLlW1E4mJnX60bvs7lc75vA="></latexit>

angles Dirac phases Majorana phases

n = 2 1 0 1

n = 3 3 1 2

<latexit sha1_base64="b9Vx+jAp298+mbxMggUiDxA2asA="></latexit>n

2
(n� 1)

<latexit sha1_base64="lrpocyrxmIJwNjyqvmiWzp+lgUQ="></latexit>n

2
(n+ 1)� 2n+ 1

<latexit sha1_base64="f33YBYf9nzaEw0AwnQqy12q5sZA="></latexit>

(n� 1)

<latexit sha1_base64="EGqIgHruVLKDRZM9iHwJPdr0dOA="></latexit>

ei✓
<latexit sha1_base64="EGqIgHruVLKDRZM9iHwJPdr0dOA="></latexit>

ei✓

<latexit sha1_base64="TzbCC+vON+ArwEFql5pHXsQAO9w="></latexit>

Summary

<latexit sha1_base64="iWEpfBSUdfQrhAx1Ebj7y+DMfIY="></latexit>

Neutrino Oscillations: Introduction



zoom.us video

<latexit sha1_base64="QBuPDprGCatNQIvuEy20ykHs8Nw="></latexit>

Let’s assume two families: ↵ = e, µ and i = 1, 2

<latexit sha1_base64="FJLISmg7NOU3XD2QNyiSlPIgDLw="></latexit>

U =

0

@ cos ✓ sin ✓

� sin ✓ cos ✓

1

A <latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="KxkB01KffBzqsWHXyhjgH1jt1m4="></latexit>

|⌫ei = cos ✓ |⌫1i+ sin ✓ |⌫2i
<latexit sha1_base64="p0Jd62OM9hBIVmxW64TPt7JK/eg="></latexit>

|⌫µi = � sin ✓ |⌫1i+ cos ✓ |⌫2i

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum



zoom.us video

<latexit sha1_base64="QBuPDprGCatNQIvuEy20ykHs8Nw="></latexit>

Let’s assume two families: ↵ = e, µ and i = 1, 2

<latexit sha1_base64="FJLISmg7NOU3XD2QNyiSlPIgDLw="></latexit>

U =

0

@ cos ✓ sin ✓

� sin ✓ cos ✓

1

A <latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="KxkB01KffBzqsWHXyhjgH1jt1m4="></latexit>

|⌫ei = cos ✓ |⌫1i+ sin ✓ |⌫2i
<latexit sha1_base64="p0Jd62OM9hBIVmxW64TPt7JK/eg="></latexit>

|⌫µi = � sin ✓ |⌫1i+ cos ✓ |⌫2i

<latexit sha1_base64="bcAQfhK4PkmxgKNd+OwDVU9V94Y="></latexit>

Imagine that I produce a ⌫µ from ⇡ decay
<latexit sha1_base64="TcjDRaQf4e/MRpmyiDRzWFprrJM="></latexit>

⇡+ ! µ+ + ⌫µ
<latexit sha1_base64="Z1Wkm9HPOBrayi/VShU6jVFtu2Q="></latexit>

If I try to detect it as ⌫e
<latexit sha1_base64="9uICjX1/mtw6OwcVbNlYM8kw7Hg="></latexit>

h⌫e|⌫µi = �sc h⌫1|⌫1i+ sc h⌫2|⌫2i = 0
<latexit sha1_base64="T6SU0pGd76uFvI9aaaAouba0kKs="></latexit>

s ⌘ sin ✓
<latexit sha1_base64="TTx/EFuv3w2Qj54Ymf1laf51a2I="></latexit>

c ⌘ cos ✓

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum



zoom.us video

<latexit sha1_base64="QBuPDprGCatNQIvuEy20ykHs8Nw="></latexit>

Let’s assume two families: ↵ = e, µ and i = 1, 2

<latexit sha1_base64="FJLISmg7NOU3XD2QNyiSlPIgDLw="></latexit>

U =

0

@ cos ✓ sin ✓

� sin ✓ cos ✓

1

A <latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="KxkB01KffBzqsWHXyhjgH1jt1m4="></latexit>

|⌫ei = cos ✓ |⌫1i+ sin ✓ |⌫2i
<latexit sha1_base64="p0Jd62OM9hBIVmxW64TPt7JK/eg="></latexit>

|⌫µi = � sin ✓ |⌫1i+ cos ✓ |⌫2i

<latexit sha1_base64="bcAQfhK4PkmxgKNd+OwDVU9V94Y="></latexit>

Imagine that I produce a ⌫µ from ⇡ decay
<latexit sha1_base64="TcjDRaQf4e/MRpmyiDRzWFprrJM="></latexit>

⇡+ ! µ+ + ⌫µ
<latexit sha1_base64="Z1Wkm9HPOBrayi/VShU6jVFtu2Q="></latexit>

If I try to detect it as ⌫e
<latexit sha1_base64="9uICjX1/mtw6OwcVbNlYM8kw7Hg="></latexit>

h⌫e|⌫µi = �sc h⌫1|⌫1i+ sc h⌫2|⌫2i = 0
<latexit sha1_base64="dTB14N/llQH2eizMD6n66rSJqSQ="></latexit>

The flavor neutrinos (⌫e and ⌫µ) are produced and detected in CC
<latexit sha1_base64="Su7Zjf576aXtuc6EJEkmuieuMKo="></latexit>

interactions;
<latexit sha1_base64="KYwPY13/cgxbd7ck1GrACLrsEDc="></latexit>

but the mass neutrinos (⌫1 and ⌫2) are eigenstates of the free Hamiltonian

<latexit sha1_base64="T6SU0pGd76uFvI9aaaAouba0kKs="></latexit>

s ⌘ sin ✓
<latexit sha1_base64="TTx/EFuv3w2Qj54Ymf1laf51a2I="></latexit>

c ⌘ cos ✓

<latexit sha1_base64="yBUaPN/jdi/8r4/5Bp7N03AftPo="></latexit>

H |⌫ii = Ei |⌫ii =
p

p
2
i +m

2
i |⌫ii

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="GNoUxnO+5pAyXAZbCqj87jR/0VM="></latexit>

Therefore, if I let ⌫µ propagate a distance (baseline) L

<latexit sha1_base64="gNU57op202iuPbRbN3GGSkw9fXQ="></latexit>

|⌫µ(t)i = �se�iE1t |⌫1i+ ce�iE2t |⌫2i
<latexit sha1_base64="1eW9BSyBIsvCaONY4ZBfGvDYsi8="></latexit>

' �se�i
p

p2+m2
1t |⌫1i+ ce�i

p
p2+m2

2t |⌫2i
<latexit sha1_base64="QgtMBj6HifamO4VgoSDALnRxDyE="></latexit>

same momentum approx

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="je5EDrs2LK/kGpsx8Pwez17Su48="></latexit>

(coherence)<latexit sha1_base64="NtQfjWkX8iehqtugmAA3WsKX090="></latexit>approx

H. J. Lipkin, Phys. Lett. B642 (2006) 366–371.



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="GNoUxnO+5pAyXAZbCqj87jR/0VM="></latexit>

Therefore, if I let ⌫µ propagate a distance (baseline) L

<latexit sha1_base64="gNU57op202iuPbRbN3GGSkw9fXQ="></latexit>

|⌫µ(t)i = �se�iE1t |⌫1i+ ce�iE2t |⌫2i
<latexit sha1_base64="1eW9BSyBIsvCaONY4ZBfGvDYsi8="></latexit>

' �se�i
p

p2+m2
1t |⌫1i+ ce�i

p
p2+m2

2t |⌫2i
<latexit sha1_base64="QgtMBj6HifamO4VgoSDALnRxDyE="></latexit>

same momentum approx

<latexit sha1_base64="WHPK1ldtqrfijt4fV8WjIm5g/sY="></latexit>

The probability of detecting ⌫µ as ⌫e
<latexit sha1_base64="QfIo03RBQW2Bh89QHNadkp8zGT8="></latexit>

P⌫µ!⌫e(t) = |h⌫e|⌫µ(t)i|2 =
����sc

⇣
e�i

p
p2+m2

1t � e�i
p

p2+m2
2t
⌘���

2

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="je5EDrs2LK/kGpsx8Pwez17Su48="></latexit>

(coherence)<latexit sha1_base64="NtQfjWkX8iehqtugmAA3WsKX090="></latexit>approx

H. J. Lipkin, Phys. Lett. B642 (2006) 366–371.



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="GNoUxnO+5pAyXAZbCqj87jR/0VM="></latexit>

Therefore, if I let ⌫µ propagate a distance (baseline) L

<latexit sha1_base64="gNU57op202iuPbRbN3GGSkw9fXQ="></latexit>

|⌫µ(t)i = �se�iE1t |⌫1i+ ce�iE2t |⌫2i
<latexit sha1_base64="1eW9BSyBIsvCaONY4ZBfGvDYsi8="></latexit>

' �se�i
p

p2+m2
1t |⌫1i+ ce�i

p
p2+m2

2t |⌫2i
<latexit sha1_base64="QgtMBj6HifamO4VgoSDALnRxDyE="></latexit>

same momentum approx

<latexit sha1_base64="WHPK1ldtqrfijt4fV8WjIm5g/sY="></latexit>

The probability of detecting ⌫µ as ⌫e
<latexit sha1_base64="QfIo03RBQW2Bh89QHNadkp8zGT8="></latexit>

P⌫µ!⌫e(t) = |h⌫e|⌫µ(t)i|2 =
����sc

⇣
e�i

p
p2+m2

1t � e�i
p

p2+m2
2t
⌘���

2

<latexit sha1_base64="A7kaQHRgZ844GFDxOvYHubs8CrM="></latexit>

E, p � m⌫
<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="dLI8jbtTGXq5H2ycw3GINUr9kZA="></latexit>

t ' L
<latexit sha1_base64="L7sZQDcr4ee2Ou2ZLyBC/rgsFPY="></latexit>

Relativistic ⌫
<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="je5EDrs2LK/kGpsx8Pwez17Su48="></latexit>

(coherence)<latexit sha1_base64="NtQfjWkX8iehqtugmAA3WsKX090="></latexit>approx

H. J. Lipkin, Phys. Lett. B642 (2006) 366–371.

<latexit sha1_base64="S1itHkBxBt0ZXD2U3n5VCAZ/Kog="></latexit>

Using that
<latexit sha1_base64="sDzsu9sSBoiGx7938CsbuPQpEzM="></latexit>p
p2 +m2

i ' p+
m2

i

2p
' p+

m2
i

2E



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="pguRGHxoWbW03IBUIpD8dvvEzEQ="></latexit>

Neutrino oscillation happens only if ✓ 6= 0 and m1 6= m2.

<latexit sha1_base64="/dyznkE9fzUzHgRwMvU2RnqHUpw="></latexit>

�m2 ⌘ m2
2 �m2

1

<latexit sha1_base64="WrHMJLEulWX8I9MeqfQa5clj7Z4="></latexit>

P⌫↵!⌫� (L) ⌘ P↵�(L) = sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="fSB7l4537zsScNXo+OyAbCAhrCo="></latexit>

2⌫ ) no phases ) P↵� = P↵� . 3⌫ needed for��CP .



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="pguRGHxoWbW03IBUIpD8dvvEzEQ="></latexit>

Neutrino oscillation happens only if ✓ 6= 0 and m1 6= m2.

<latexit sha1_base64="/dyznkE9fzUzHgRwMvU2RnqHUpw="></latexit>

�m2 ⌘ m2
2 �m2

1

<latexit sha1_base64="WrHMJLEulWX8I9MeqfQa5clj7Z4="></latexit>

P⌫↵!⌫� (L) ⌘ P↵�(L) = sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="fSB7l4537zsScNXo+OyAbCAhrCo="></latexit>

2⌫ ) no phases ) P↵� = P↵� . 3⌫ needed for��CP .

<latexit sha1_base64="b5zed4v00Na/R+g+5ppaJV2yCDk="></latexit>

P↵↵ = 1� P↵�



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="pguRGHxoWbW03IBUIpD8dvvEzEQ="></latexit>

Neutrino oscillation happens only if ✓ 6= 0 and m1 6= m2.

<latexit sha1_base64="/dyznkE9fzUzHgRwMvU2RnqHUpw="></latexit>

�m2 ⌘ m2
2 �m2

1

<latexit sha1_base64="WrHMJLEulWX8I9MeqfQa5clj7Z4="></latexit>

P⌫↵!⌫� (L) ⌘ P↵�(L) = sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="fSB7l4537zsScNXo+OyAbCAhrCo="></latexit>

2⌫ ) no phases ) P↵� = P↵� . 3⌫ needed for��CP .

<latexit sha1_base64="pZLqj7ZOTDmnVYBpyvc/yvrvlhk="></latexit>appearance
<latexit sha1_base64="WEYwT/dvhl4XVGN1TMd8bqXlr1U="></latexit>

channel
<latexit sha1_base64="b5zed4v00Na/R+g+5ppaJV2yCDk="></latexit>

P↵↵ = 1� P↵�

<latexit sha1_base64="DhID6+9Ja5VfWi5sXBOSS7Te5DY="></latexit>

disappearance
<latexit sha1_base64="WEYwT/dvhl4XVGN1TMd8bqXlr1U="></latexit>

channel

<latexit sha1_base64="006V9fHR3cVu3D5xJSVcJhqg154="></latexit>

or survival



zoom.us video

<nu e|nu mu> = … = 0

<latexit sha1_base64="/dyznkE9fzUzHgRwMvU2RnqHUpw="></latexit>

�m2 ⌘ m2
2 �m2

1

<latexit sha1_base64="jQ6yGpcC1K6aEk2dsZsCpfmTeq4="></latexit>

sin2 2✓

<latexit sha1_base64="1VIuvjk2OoOt3dam0mGQoSC/KGU="></latexit>

�m2L

4E
= 1.27

�m2

eV2

L

km

GeV

E

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="WrHMJLEulWX8I9MeqfQa5clj7Z4="></latexit>

P⌫↵!⌫� (L) ⌘ P↵�(L) = sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="imjsYoOxM0VlPi8kWWH+xKJ+Vmw="></latexit>

P

<latexit sha1_base64="dBM8ZQLDF1Nlz9QpQohPkX0UAVI="></latexit>

E
<latexit sha1_base64="0eFyrUE/emGHaZae9DU/dgRVJDQ="></latexit>

L/E

<latexit sha1_base64="imjsYoOxM0VlPi8kWWH+xKJ+Vmw="></latexit>

P

<latexit sha1_base64="+jP4fztEx2pAVJTxhO9nn1iRaw8="></latexit>

averaged-out

<latexit sha1_base64="vIDfiiZRFbFc/PGspF8TDnHXwW0="></latexit>

first oscillation maximum

<latexit sha1_base64="j9eWua5on1mwosfNsi6G/b3QPyY="></latexit>

P ! 1/2
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<nu e|nu mu> = … = 0

<latexit sha1_base64="/dyznkE9fzUzHgRwMvU2RnqHUpw="></latexit>

�m2 ⌘ m2
2 �m2

1

<latexit sha1_base64="jQ6yGpcC1K6aEk2dsZsCpfmTeq4="></latexit>

sin2 2✓

<latexit sha1_base64="1VIuvjk2OoOt3dam0mGQoSC/KGU="></latexit>

�m2L

4E
= 1.27

�m2

eV2

L

km

GeV

E

<latexit sha1_base64="U4bvtGhGQBZljGM0cHk6E7coeZY="></latexit>

Neutrino Oscillations: 2 family approx. Vacuum

<latexit sha1_base64="WrHMJLEulWX8I9MeqfQa5clj7Z4="></latexit>

P⌫↵!⌫� (L) ⌘ P↵�(L) = sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="imjsYoOxM0VlPi8kWWH+xKJ+Vmw="></latexit>

P

<latexit sha1_base64="dBM8ZQLDF1Nlz9QpQohPkX0UAVI="></latexit>

E
<latexit sha1_base64="0eFyrUE/emGHaZae9DU/dgRVJDQ="></latexit>

L/E

<latexit sha1_base64="imjsYoOxM0VlPi8kWWH+xKJ+Vmw="></latexit>

P

<latexit sha1_base64="+jP4fztEx2pAVJTxhO9nn1iRaw8="></latexit>

averaged-out

<latexit sha1_base64="vIDfiiZRFbFc/PGspF8TDnHXwW0="></latexit>

first oscillation maximum

<latexit sha1_base64="j9eWua5on1mwosfNsi6G/b3QPyY="></latexit>

P ! 1/2

<latexit sha1_base64="bngjgLPfuzilal/MD9RW8LUHEgU="></latexit>

no sensitivity to
<latexit sha1_base64="VXemqcaxPG9xfPSIZ4uhpNf0nX8="></latexit>

sign of �m2



zoom.us video

<latexit sha1_base64="Ihb7vutPCji8775kLII3qJlO9uA="></latexit>

The sensitivity to the sign of �m2 comes from matter e↵ects.

⌫↵

⌫�

⌫e
⌫�

`�

e

W

<latexit sha1_base64="rtO387WezzoNl2l9rJUAomIrzQE="></latexit>

• Coherent scattering of ⌫e with e via W exchange

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter



zoom.us video

<latexit sha1_base64="Ihb7vutPCji8775kLII3qJlO9uA="></latexit>

The sensitivity to the sign of �m2 comes from matter e↵ects.

⌫↵

⌫�

⌫e
⌫�

`�

e

W

<latexit sha1_base64="rtO387WezzoNl2l9rJUAomIrzQE="></latexit>

• Coherent scattering of ⌫e with e via W exchange

<latexit sha1_base64="Zew38vacaBgEQyqwVW1geLEPdck="></latexit>

VCC = ±
p
2GFne

<latexit sha1_base64="QWOlFV3ViMpmsHgqb+ishjOmxpk="></latexit>

GF : Fermi constant
<latexit sha1_base64="FHHIAs2ryn4GTvZiFM6c2G2lEQc="></latexit>

ne : electron density

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="0LqbncbTiR1v6TcZz5BUvHGQsac="></latexit>

Ve↵ =

0

@ VCC 0

0 0

1

A



zoom.us video

<latexit sha1_base64="Ihb7vutPCji8775kLII3qJlO9uA="></latexit>

The sensitivity to the sign of �m2 comes from matter e↵ects.

⌫↵

⌫�

⌫e
⌫�

`�

e

W

<latexit sha1_base64="rtO387WezzoNl2l9rJUAomIrzQE="></latexit>

• Coherent scattering of ⌫e with e via W exchange

<latexit sha1_base64="Zew38vacaBgEQyqwVW1geLEPdck="></latexit>

VCC = ±
p
2GFne

<latexit sha1_base64="QWOlFV3ViMpmsHgqb+ishjOmxpk="></latexit>

GF : Fermi constant
<latexit sha1_base64="FHHIAs2ryn4GTvZiFM6c2G2lEQc="></latexit>

ne : electron density

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="FQJIb2m6tE49O++tqKdS/SBBTDE="></latexit>

• NC interaction of ⌫↵ with n via Z exchange. For neutral matter

⌫↵

⌫�

Z
n

⌫e
⌫�

<latexit sha1_base64="0LqbncbTiR1v6TcZz5BUvHGQsac="></latexit>

Ve↵ =

0

@ VCC 0

0 0

1

A
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<latexit sha1_base64="Ihb7vutPCji8775kLII3qJlO9uA="></latexit>

The sensitivity to the sign of �m2 comes from matter e↵ects.

⌫↵

⌫�

⌫e
⌫�

`�

e

W

<latexit sha1_base64="rtO387WezzoNl2l9rJUAomIrzQE="></latexit>

• Coherent scattering of ⌫e with e via W exchange

<latexit sha1_base64="Zew38vacaBgEQyqwVW1geLEPdck="></latexit>

VCC = ±
p
2GFne

<latexit sha1_base64="QWOlFV3ViMpmsHgqb+ishjOmxpk="></latexit>

GF : Fermi constant
<latexit sha1_base64="FHHIAs2ryn4GTvZiFM6c2G2lEQc="></latexit>

ne : electron density

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="fPgachcm5gL2RMpUalvkTtdtjRw="></latexit>

for neutral matter

<latexit sha1_base64="8lCfmsHk1DY+rA20GxpiL02JLM4="></latexit>

VNC = ⌥ 1p
2
GFnn

<latexit sha1_base64="FOWAcOZHXbRdlwGM+1zuwF4eSUk="></latexit>

nn : neutron density

<latexit sha1_base64="FQJIb2m6tE49O++tqKdS/SBBTDE="></latexit>

• NC interaction of ⌫↵ with n via Z exchange. For neutral matter

⌫↵

⌫�

Z
n

⌫e
⌫�

<latexit sha1_base64="d1pqlGGA3qNe0iaGBPUbLXk4dM8="></latexit>

Ve↵ =

0

@ VCC + VNC 0

0 VNC

1

A



zoom.us video
<latexit sha1_base64="/74oPSBjotkwH8OohAbZ/PUO/r0="></latexit>

The Schrödinger equation will be modified
<latexit sha1_base64="mV0zywT+cflkQNWFG3+A7NMuNkY="></latexit>

i
d

dt

0

@ |⌫ei

|⌫µi

1

A = H
m

0

@ |⌫ei

|⌫µi

1

A

<latexit sha1_base64="+qMMLFz6odB1EqGbeMSWd3Htc5s="></latexit>

H
m =

0

@ c s

�s c

1

A

0

B@
p+

m
2
1

2E
0

0 p+
m

2
2

2E

1

CA

0

@ c �s

s c

1

A+

0

@ VCC + VNC 0

0 VNC

1

A

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter
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<nu e|nu mu> = … = 0

<latexit sha1_base64="/74oPSBjotkwH8OohAbZ/PUO/r0="></latexit>

The Schrödinger equation will be modified
<latexit sha1_base64="mV0zywT+cflkQNWFG3+A7NMuNkY="></latexit>

i
d

dt

0

@ |⌫ei

|⌫µi

1

A = H
m

0

@ |⌫ei

|⌫µi
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A

<latexit sha1_base64="+qMMLFz6odB1EqGbeMSWd3Htc5s="></latexit>

H
m =

0

@ c s

�s c

1

A

0

B@
p+

m
2
1

2E
0

0 p+
m

2
2

2E

1

CA

0

@ c �s

s c

1

A+

0

@ VCC + VNC 0

0 VNC

1

A

<latexit sha1_base64="aEOZ8GG3CUGaEEBy0b+ynXA0uHw="></latexit>

=

0

@ c s

�s c

1

A

0

B@
m2

1 �m2
2

4E
0

0
m2

2 �m2
1

4E

1

CA

0

@ c �s

s c

1

A+

0

@ VCC 0

0 0

1

A

<latexit sha1_base64="YCjE6VNhp8HlDJKYTev+Eygi6/g="></latexit>

+

0

B@
p+

m2
1 +m2

2

4E
+ VNC 0

0 p+
m2

1 +m2
2

4E
+ VNC

1

CA

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter
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<nu e|nu mu> = … = 0
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The Schrödinger equation will be modified
<latexit sha1_base64="mV0zywT+cflkQNWFG3+A7NMuNkY="></latexit>
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<latexit sha1_base64="+qMMLFz6odB1EqGbeMSWd3Htc5s="></latexit>

H
m =

0

@ c s

�s c

1

A

0

B@
p+

m
2
1

2E
0

0 p+
m

2
2

2E

1

CA
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@ c �s

s c

1

A+
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@ VCC + VNC 0

0 VNC

1

A

<latexit sha1_base64="aEOZ8GG3CUGaEEBy0b+ynXA0uHw="></latexit>

=

0

@ c s

�s c

1

A

0

B@
m2

1 �m2
2

4E
0

0
m2

2 �m2
1

4E

1

CA

0

@ c �s

s c

1

A+

0

@ VCC 0

0 0

1

A

<latexit sha1_base64="YCjE6VNhp8HlDJKYTev+Eygi6/g="></latexit>

+

0

B@
p+

m2
1 +m2

2

4E
+ VNC 0

0 p+
m2

1 +m2
2

4E
+ VNC

1

CA
<latexit sha1_base64="GJi61jbPfmmD1R4c8YRDN1J9VN8="></latexit>

global phase ) cancels
<latexit sha1_base64="qsd17hmdVAcnmOq4ftRgQi5g2PY="></latexit>

when computing P

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter
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The Schrödinger equation will be modified
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+ VNC 0
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<latexit sha1_base64="GJi61jbPfmmD1R4c8YRDN1J9VN8="></latexit>

global phase ) cancels
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when computing P

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter
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<latexit sha1_base64="/74oPSBjotkwH8OohAbZ/PUO/r0="></latexit>

The Schrödinger equation will be modified
<latexit sha1_base64="mV0zywT+cflkQNWFG3+A7NMuNkY="></latexit>

i
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0

@ |⌫ei
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0
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<latexit sha1_base64="+qMMLFz6odB1EqGbeMSWd3Htc5s="></latexit>

H
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1
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0
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2
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2E
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<latexit sha1_base64="aEOZ8GG3CUGaEEBy0b+ynXA0uHw="></latexit>

=

0

@ c s

�s c

1

A

0

B@
m2

1 �m2
2

4E
0

0
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2 �m2
1

4E
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s c
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A+

0

@ VCC 0

0 0

1

A

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="93QnHED2DrZ9GPQoG7PzbzA3pwQ="></latexit>

�
<latexit sha1_base64="UX2KYz1OXKuJutIgkX2SexQnIGA="></latexit>

��
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<latexit sha1_base64="C1SbcdJdxkuDjS1Wv5+7rkXKvC4="></latexit>

i
d

dt

0

@ |⌫ei

|⌫µi

1

A =

2

4

0

@ � cos 2✓ sin 2✓

sin 2✓ cos 2✓

1

A�±

0

@ VCC 0

0 0

1

A

3

5

0

@ |⌫ei

|⌫µi

1

A

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="baQ4bjAm4ewavKoSw/zoqqnxJPI="></latexit>

Thus, we have



zoom.us video

<latexit sha1_base64="ZHyC73fQStS13LjCqD64vK4GeYA="></latexit>

Depending on the matter potential, it can be very di�cult to solve.
<latexit sha1_base64="eFbRJboyHScgcKYD9WXjGGdEhrw="></latexit>

We can focus on two simple and useful cases:

<latexit sha1_base64="9ggadJQqrQSqDR/btufKucvYIj0="></latexit>

VCC =
p
2GFne(t)

<latexit sha1_base64="UiuZ8xkidsw7F1Dd4STS/aLfwXo="></latexit>

• ne(t) changes very slowly (adiabatically)

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="baQ4bjAm4ewavKoSw/zoqqnxJPI="></latexit>

Thus, we have

<latexit sha1_base64="DVVI7FGKzP3haqWIMerjxLa+riU="></latexit>

i
d

dt

0

@ |⌫ei

|⌫µi

1
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2

4

0

@ � cos 2✓ sin 2✓

sin 2✓ cos 2✓

1

A�±

0

@ VCC 0

0 0

1

A

3

5

0

@ |⌫ei

|⌫µi

1

A



zoom.us video
<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="bXTxx8adUifFA1WscDuKbyf6ISY="></latexit>

Can be a reasonable approximation inside the Earth.
<latexit sha1_base64="cpSD7ccBmKdv3keqs5Q7KorI2cE="></latexit>

If ne = constant, Hm can be diagonalized with

<latexit sha1_base64="anbtPJcUjT8oPJPD8kVcgG0ebs0="></latexit>

U =

0

@ cos ✓m sin ✓m

� sin ✓m cos ✓m

1

A

<latexit sha1_base64="3Rp2959Uu28GWVBaN+zc/1p+y6U="></latexit>

sin2 2✓m =
sin2 2✓

sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="37WX+stlfb3aTZU6XniDPRvegRI="></latexit>

�m2
m = �m2

q
sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="tCEaDWgEQd++5l3pf/zCGu2rKrc="></latexit>

Pm
↵� = �↵� � sin2 2✓m sin2

✓
�m2

mL

4E

◆

<latexit sha1_base64="YoSSCq7gCVqxCMlY6QcujlbPRbo="></latexit>

and
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<latexit sha1_base64="gpefm7mWEmjSe1lhEoc53lIh8HU="></latexit>

If VCC ⌧ 2� cos 2✓ ) ✓m ' ✓. Vacuum solution recovered.

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="bXTxx8adUifFA1WscDuKbyf6ISY="></latexit>

Can be a reasonable approximation inside the Earth.
<latexit sha1_base64="cpSD7ccBmKdv3keqs5Q7KorI2cE="></latexit>

If ne = constant, Hm can be diagonalized with

<latexit sha1_base64="anbtPJcUjT8oPJPD8kVcgG0ebs0="></latexit>

U =

0

@ cos ✓m sin ✓m

� sin ✓m cos ✓m

1

A

<latexit sha1_base64="3Rp2959Uu28GWVBaN+zc/1p+y6U="></latexit>

sin2 2✓m =
sin2 2✓

sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="37WX+stlfb3aTZU6XniDPRvegRI="></latexit>

�m2
m = �m2

q
sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="tCEaDWgEQd++5l3pf/zCGu2rKrc="></latexit>

Pm
↵� = �↵� � sin2 2✓m sin2

✓
�m2

mL

4E

◆

<latexit sha1_base64="YoSSCq7gCVqxCMlY6QcujlbPRbo="></latexit>

and

<latexit sha1_base64="OZYI8BR+KW9UNngoyxjDGceZi+k="></latexit>

� Vacuum limit:



zoom.us video

<latexit sha1_base64="1JqIDJVUBNJeVPTCTR+8H6u90xY="></latexit>

� Matter domination limit:

<latexit sha1_base64="gpefm7mWEmjSe1lhEoc53lIh8HU="></latexit>

If VCC ⌧ 2� cos 2✓ ) ✓m ' ✓. Vacuum solution recovered.

<latexit sha1_base64="WwM2HEecdCFFx8agONZuemFnKYE="></latexit>

If VCC � 2� cos 2✓ ) matter e↵ects dominate and the transition probability
<latexit sha1_base64="0WNbSIlrNY+zbPow88cuVpD/XPs="></latexit>

is suppressed.
<latexit sha1_base64="KtGyBaLQP+FqgJBbFcV2f/t9gjg="></latexit>

The system evolves to the initial flavor.

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="bXTxx8adUifFA1WscDuKbyf6ISY="></latexit>

Can be a reasonable approximation inside the Earth.
<latexit sha1_base64="cpSD7ccBmKdv3keqs5Q7KorI2cE="></latexit>

If ne = constant, Hm can be diagonalized with

<latexit sha1_base64="anbtPJcUjT8oPJPD8kVcgG0ebs0="></latexit>

U =

0

@ cos ✓m sin ✓m

� sin ✓m cos ✓m

1

A

<latexit sha1_base64="3Rp2959Uu28GWVBaN+zc/1p+y6U="></latexit>

sin2 2✓m =
sin2 2✓

sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="37WX+stlfb3aTZU6XniDPRvegRI="></latexit>

�m2
m = �m2

q
sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="tCEaDWgEQd++5l3pf/zCGu2rKrc="></latexit>

Pm
↵� = �↵� � sin2 2✓m sin2

✓
�m2

mL

4E

◆

<latexit sha1_base64="YoSSCq7gCVqxCMlY6QcujlbPRbo="></latexit>

and

<latexit sha1_base64="OZYI8BR+KW9UNngoyxjDGceZi+k="></latexit>

� Vacuum limit:



zoom.us video

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="bXTxx8adUifFA1WscDuKbyf6ISY="></latexit>

Can be a reasonable approximation inside the Earth.
<latexit sha1_base64="cpSD7ccBmKdv3keqs5Q7KorI2cE="></latexit>

If ne = constant, Hm can be diagonalized with

<latexit sha1_base64="anbtPJcUjT8oPJPD8kVcgG0ebs0="></latexit>

U =

0

@ cos ✓m sin ✓m

� sin ✓m cos ✓m

1

A

<latexit sha1_base64="3Rp2959Uu28GWVBaN+zc/1p+y6U="></latexit>

sin2 2✓m =
sin2 2✓

sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="37WX+stlfb3aTZU6XniDPRvegRI="></latexit>

�m2
m = �m2

q
sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="tCEaDWgEQd++5l3pf/zCGu2rKrc="></latexit>

Pm
↵� = �↵� � sin2 2✓m sin2

✓
�m2

mL

4E

◆

<latexit sha1_base64="YoSSCq7gCVqxCMlY6QcujlbPRbo="></latexit>

and

<latexit sha1_base64="eW2DzqDGBS3OH7a41o5BcIZbceQ="></latexit>

� Resonance:
<latexit sha1_base64="zZMSLLOez0GxxBwINigTCNx2lVg="></latexit>

If VCC = 2� cos 2✓ ) sin2 2✓m = 1 ) maximal oscillation ✓m = ⇡/4 inside
<latexit sha1_base64="gbucYrM8tmdDBbUCnoeZ4qSTYMI="></latexit>

matter even if ✓ ⌧ 1. Mikheyev-Smirnov-Wolfenstein (MSW) resonance.

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter



zoom.us video

<latexit sha1_base64="rs3Pmsi7Fdj+5a2EDBLLi+pjPTE="></latexit>

• ne(t) = constant

<latexit sha1_base64="bXTxx8adUifFA1WscDuKbyf6ISY="></latexit>

Can be a reasonable approximation inside the Earth.
<latexit sha1_base64="cpSD7ccBmKdv3keqs5Q7KorI2cE="></latexit>

If ne = constant, Hm can be diagonalized with

<latexit sha1_base64="anbtPJcUjT8oPJPD8kVcgG0ebs0="></latexit>

U =

0

@ cos ✓m sin ✓m

� sin ✓m cos ✓m

1

A

<latexit sha1_base64="3Rp2959Uu28GWVBaN+zc/1p+y6U="></latexit>

sin2 2✓m =
sin2 2✓

sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="37WX+stlfb3aTZU6XniDPRvegRI="></latexit>

�m2
m = �m2

q
sin2 2✓ + (cos 2✓ ⌥ VCC/2�)2

<latexit sha1_base64="tCEaDWgEQd++5l3pf/zCGu2rKrc="></latexit>

Pm
↵� = �↵� � sin2 2✓m sin2

✓
�m2

mL

4E

◆

<latexit sha1_base64="YoSSCq7gCVqxCMlY6QcujlbPRbo="></latexit>

and

<latexit sha1_base64="eW2DzqDGBS3OH7a41o5BcIZbceQ="></latexit>

� Resonance:
<latexit sha1_base64="zZMSLLOez0GxxBwINigTCNx2lVg="></latexit>

If VCC = 2� cos 2✓ ) sin2 2✓m = 1 ) maximal oscillation ✓m = ⇡/4 inside
<latexit sha1_base64="gbucYrM8tmdDBbUCnoeZ4qSTYMI="></latexit>

matter even if ✓ ⌧ 1. Mikheyev-Smirnov-Wolfenstein (MSW) resonance.

<latexit sha1_base64="EjQYNEX0tV7SX+mvt6kmGutq0z4="></latexit>

Resonance if <latexit sha1_base64="05t/WQvR08nnZfbWkjBkdFRPabw="></latexit>

�m2 < 0 and VCC < 0 (⌫)

<latexit sha1_base64="pxfP/mw0PgIv6+EbfJRDa5EpxH4="></latexit>

�m2 > 0 and VCC > 0 (⌫)
<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="Tuy4xzuAqmbPCg4FzSoez8g2Bhg="></latexit>

if P↵� enhanced over P↵� ) �m2 > 0
<latexit sha1_base64="R/pdu9byjLLfAQe+22CSoZ/kfP4="></latexit>

if P↵� enhanced over P↵� ) �m2 < 0

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter



zoom.us video

<latexit sha1_base64="slUZkABbUmMDGUMXBO4otZtDAF0="></latexit>

Good approximation for neutrinos produced in the Sun.
<latexit sha1_base64="VgCJmbQiV8a2VmPQKej/JTK2NyY="></latexit>

If the matter potential changes very slowly
<latexit sha1_base64="eLmOM/EROhYE9O4MluqbhJsb1ds="></latexit>����
dVCC

dt

���� ⌧ |E2 � E1|
<latexit sha1_base64="be05K464f/73iB70dSojhk1Fgvw="></latexit>

(adiabatic condition)

<latexit sha1_base64="OZI/9Ma5vNi+4oYPDJlA3tVwhbU="></latexit>

the ⌫ has time to adapt to the change of the potential, and the solution
<latexit sha1_base64="oPi5FgD5yfc8BN5R0Mn+lZYBOz8="></latexit>

at time t
<latexit sha1_base64="lUeHlebImSp4bhx/CXOEKNCkx6M="></latexit>

|⌫(t)i = ↵ |⌫1(t)i+ � |⌫1(t)i
<latexit sha1_base64="q17ETIF7oNvnlRp3u7WGKefe1xQ="></latexit>

H(t) |⌫i(t)i = Ei(t) |⌫i(t)i
<latexit sha1_base64="S7b/ns1MdUMTY2sw5DOolWe72FA="></latexit>

with

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="OVKd+HLl1PX3q2d5Z29Glfk0Bh0="></latexit>

• ne (t) changes very slowly (adiabatically)



zoom.us video

<latexit sha1_base64="slUZkABbUmMDGUMXBO4otZtDAF0="></latexit>

Good approximation for neutrinos produced in the Sun.
<latexit sha1_base64="VgCJmbQiV8a2VmPQKej/JTK2NyY="></latexit>

If the matter potential changes very slowly
<latexit sha1_base64="eLmOM/EROhYE9O4MluqbhJsb1ds="></latexit>����
dVCC

dt

���� ⌧ |E2 � E1|
<latexit sha1_base64="be05K464f/73iB70dSojhk1Fgvw="></latexit>

(adiabatic condition)

<latexit sha1_base64="OZI/9Ma5vNi+4oYPDJlA3tVwhbU="></latexit>

the ⌫ has time to adapt to the change of the potential, and the solution
<latexit sha1_base64="oPi5FgD5yfc8BN5R0Mn+lZYBOz8="></latexit>

at time t
<latexit sha1_base64="lUeHlebImSp4bhx/CXOEKNCkx6M="></latexit>

|⌫(t)i = ↵ |⌫1(t)i+ � |⌫1(t)i
<latexit sha1_base64="q17ETIF7oNvnlRp3u7WGKefe1xQ="></latexit>

H(t) |⌫i(t)i = Ei(t) |⌫i(t)i
<latexit sha1_base64="S7b/ns1MdUMTY2sw5DOolWe72FA="></latexit>

with
<latexit sha1_base64="yr2kn5B1aZVpK2KrLc/t4slDbCE="></latexit>

In the center of the Sun, ⌫e are produced via nuclear fusion and ne � )
<latexit sha1_base64="CiJ9EmShUR2InUv0WjNUG5do/ng="></latexit>

VCC � � )
<latexit sha1_base64="GoCStuoahJk1Ka7Kfj5KjeLMWzI="></latexit>

H(t = 0) '

0

@ VCC 0

0 0

1

A <latexit sha1_base64="H2DXywjAC6BDYmJ25MbU1Tw7x+k="></latexit>)
<latexit sha1_base64="8yHrJSCvzbKuKuHK4regzwWD7FI="></latexit>

|⌫ei is an eigenstate of H!

<latexit sha1_base64="lQupYSirGwmn6O+HrSpdIJAYo74="></latexit>

|⌫e(t �)i out of the Sun must also be an eigenstate.

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="OVKd+HLl1PX3q2d5Z29Glfk0Bh0="></latexit>

• ne (t) changes very slowly (adiabatically)

<latexit sha1_base64="H2DXywjAC6BDYmJ25MbU1Tw7x+k="></latexit>)



zoom.us video

<latexit sha1_base64="3CzvkzZKmgiskku0Do4yGA0GQDo="></latexit>

|⌫ei emerges as the ⌫ with the largest eigenvalue in vacuum: |⌫2i
<latexit sha1_base64="5ZStr6M4jpFbdSRzoDlBx/aHOlE="></latexit>

adiabatic
<latexit sha1_base64="Db+naYmFrbkDakjqodhFLME3epE="></latexit>

conversion

<latexit sha1_base64="BSautqFKNsJIZkbA8fR6BE2ebpQ="></latexit>

|⌫ei
<latexit sha1_base64="8nv+bv2bsVy8ezIo5OFtJ2Q6iQc="></latexit>

|⌫2i
<latexit sha1_base64="wFGOkUOfzN7LtAOwibede5r+RN4="></latexit>

The Sun produces |⌫2i. It is not really an oscillation.

<latexit sha1_base64="tV9R+Lx2/1Cd2MbdItgjWXgeJbo="></latexit>

Neutrino Oscillations: 2 family approx. Matter

<latexit sha1_base64="OVKd+HLl1PX3q2d5Z29Glfk0Bh0="></latexit>

• ne (t) changes very slowly (adiabatically)
<latexit sha1_base64="tvq1L1oNxVg2tQsRG4yBEmIjdEM="></latexit>

Since |⌫e(t = 0)i is the ⌫ with the largest eigenvalue )



zoom.us video

<latexit sha1_base64="nyKikIAfr6kEViJerSgBUCRV4GU="></latexit>

We generalize for 3 families

<latexit sha1_base64="LczA6MtLhhCXnNdCr4fmzfLVyEw="></latexit>

|⌫↵i = U⇤
↵i |⌫ii

<latexit sha1_base64="sgyi3PX9SqW5Rjr8GUFILJS4Ob4="></latexit>

|⌫↵(L)i = e�ipLe�i
m2

i L

2E U⇤
↵i |⌫ii

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="9CJ9SORoFYAMxiL0aSwuPCNtuIM="></latexit>

h⌫� |⌫↵(L)i = e�ipLe�i
m2

i L

2E U�iU⇤
↵i

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="nyKikIAfr6kEViJerSgBUCRV4GU="></latexit>

We generalize for 3 families

<latexit sha1_base64="LczA6MtLhhCXnNdCr4fmzfLVyEw="></latexit>

|⌫↵i = U⇤
↵i |⌫ii

<latexit sha1_base64="sgyi3PX9SqW5Rjr8GUFILJS4Ob4="></latexit>

|⌫↵(L)i = e�ipLe�i
m2

i L

2E U⇤
↵i |⌫ii

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="9CJ9SORoFYAMxiL0aSwuPCNtuIM="></latexit>

h⌫� |⌫↵(L)i = e�ipLe�i
m2

i L

2E U�iU⇤
↵i

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="PBAjTmJzB7G5G0BX2KBMVKKWXn0="></latexit>

P↵�

�
P↵�

�
=

X

i,j

U⇤
↵iU�iU↵jU

⇤
�je

i
�m2

ijL

2E

<latexit sha1_base64="RT0Q8i8tJTbtiHf6XOTC+66ttrw="></latexit>

+(�) 2
X

i>j

Im
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin (2�ij)

<latexit sha1_base64="6A4NW6NKzZTzT6l1fWOl0+fHSz8="></latexit>

= �↵� � 4
X

i>j

Re
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin2 (�ij)

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="baQ4bjAm4ewavKoSw/zoqqnxJPI="></latexit>

Thus, we have
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<latexit sha1_base64="nyKikIAfr6kEViJerSgBUCRV4GU="></latexit>

We generalize for 3 families

<latexit sha1_base64="LczA6MtLhhCXnNdCr4fmzfLVyEw="></latexit>

|⌫↵i = U⇤
↵i |⌫ii

<latexit sha1_base64="sgyi3PX9SqW5Rjr8GUFILJS4Ob4="></latexit>

|⌫↵(L)i = e�ipLe�i
m2

i L

2E U⇤
↵i |⌫ii

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="9CJ9SORoFYAMxiL0aSwuPCNtuIM="></latexit>

h⌫� |⌫↵(L)i = e�ipLe�i
m2

i L

2E U�iU⇤
↵i

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="PBAjTmJzB7G5G0BX2KBMVKKWXn0="></latexit>

P↵�

�
P↵�

�
=

X

i,j

U⇤
↵iU�iU↵jU

⇤
�je

i
�m2

ijL

2E

<latexit sha1_base64="RT0Q8i8tJTbtiHf6XOTC+66ttrw="></latexit>

+(�) 2
X

i>j

Im
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin (2�ij)

<latexit sha1_base64="6A4NW6NKzZTzT6l1fWOl0+fHSz8="></latexit>

= �↵� � 4
X

i>j

Re
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin2 (�ij)

<latexit sha1_base64="8hU/bEe4ALWhfPwvHen+bP86uMk="></latexit>

�ij ⌘
�m2

ijL

4E

<latexit sha1_base64="jKrJtp8b2CdwSoPtqX3NEVw+Wtc="></latexit>

�m2
ij ⌘ m2

i �m2
j

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="baQ4bjAm4ewavKoSw/zoqqnxJPI="></latexit>

Thus, we have
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<latexit sha1_base64="nyKikIAfr6kEViJerSgBUCRV4GU="></latexit>

We generalize for 3 families

<latexit sha1_base64="LczA6MtLhhCXnNdCr4fmzfLVyEw="></latexit>

|⌫↵i = U⇤
↵i |⌫ii

<latexit sha1_base64="sgyi3PX9SqW5Rjr8GUFILJS4Ob4="></latexit>

|⌫↵(L)i = e�ipLe�i
m2

i L

2E U⇤
↵i |⌫ii

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="9CJ9SORoFYAMxiL0aSwuPCNtuIM="></latexit>

h⌫� |⌫↵(L)i = e�ipLe�i
m2

i L

2E U�iU⇤
↵i

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)

<latexit sha1_base64="PBAjTmJzB7G5G0BX2KBMVKKWXn0="></latexit>

P↵�

�
P↵�

�
=

X

i,j

U⇤
↵iU�iU↵jU

⇤
�je

i
�m2

ijL

2E

<latexit sha1_base64="RT0Q8i8tJTbtiHf6XOTC+66ttrw="></latexit>

+(�) 2
X

i>j

Im
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin (2�ij)

<latexit sha1_base64="6A4NW6NKzZTzT6l1fWOl0+fHSz8="></latexit>

= �↵� � 4
X

i>j

Re
⇥
U⇤
↵iU�iU↵jU

⇤
�j

⇤
sin2 (�ij)

<latexit sha1_base64="iEt/au5nwSHweURGGRB3wZ04kDQ="></latexit>

Jarlskog invariant
<latexit sha1_base64="N/MiryDpDQ/2PIL57O10H/iOhiA="></latexit>

“GIM” cancellation
<latexit sha1_base64="oCx5gZn4qQQrjLKXFFJS7P9pjG4="></latexit>

(measure of CPV in ⌫)

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="baQ4bjAm4ewavKoSw/zoqqnxJPI="></latexit>

Thus, we have

<latexit sha1_base64="7SR4oS5lgBAMIqOsffkcKgaFs9A="></latexit>

��CP
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<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0

BBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 e�i
↵2
2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0

BBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 e�i
↵2
2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="P8kIJyvY7Vgulh/co/+tgpmwmZE="></latexit>

“atmospheric” angle
<latexit sha1_base64="Q7mBfMeXfKcLW9JidT0/9C7tOUg="></latexit>

✓23 ' 45o

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0

BBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 e�i
↵2
2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="P8kIJyvY7Vgulh/co/+tgpmwmZE="></latexit>

“atmospheric” angle
<latexit sha1_base64="MmXypHXzLWqzpznDYr7i9qFG6Vo="></latexit>

“reactor” angle
<latexit sha1_base64="Q7mBfMeXfKcLW9JidT0/9C7tOUg="></latexit>

✓23 ' 45o
<latexit sha1_base64="Q6Cx+ebBDdRDJDmCoqzwuVHIKZM="></latexit>

✓13 ' 8.5o
<latexit sha1_base64="e2yGfI/dVzlVfzUm3OmuaS7SzDc="></latexit>

� Dirac phase

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0

BBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 e�i
↵2
2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="P8kIJyvY7Vgulh/co/+tgpmwmZE="></latexit>

“atmospheric” angle
<latexit sha1_base64="MmXypHXzLWqzpznDYr7i9qFG6Vo="></latexit>

“reactor” angle
<latexit sha1_base64="pGlriOEEoB0kqKLg/ZGdVYPQgrU="></latexit>

“solar” angle
<latexit sha1_base64="Q7mBfMeXfKcLW9JidT0/9C7tOUg="></latexit>

✓23 ' 45o
<latexit sha1_base64="Q6Cx+ebBDdRDJDmCoqzwuVHIKZM="></latexit>

✓13 ' 8.5o
<latexit sha1_base64="vlBKnZy41yUTraVTltQlVCatZSk="></latexit>

✓12 ' 33o
<latexit sha1_base64="e2yGfI/dVzlVfzUm3OmuaS7SzDc="></latexit>

� Dirac phase

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0

BBB@

c12 s12 0

�s12 c12 0

0 0 1

1

CCCA

0

BBB@

1 0 0

0 e�i
↵2
2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="P8kIJyvY7Vgulh/co/+tgpmwmZE="></latexit>

“atmospheric” angle
<latexit sha1_base64="MmXypHXzLWqzpznDYr7i9qFG6Vo="></latexit>

“reactor” angle
<latexit sha1_base64="pGlriOEEoB0kqKLg/ZGdVYPQgrU="></latexit>

“solar” angle
<latexit sha1_base64="Q7mBfMeXfKcLW9JidT0/9C7tOUg="></latexit>

✓23 ' 45o
<latexit sha1_base64="Q6Cx+ebBDdRDJDmCoqzwuVHIKZM="></latexit>

✓13 ' 8.5o
<latexit sha1_base64="vlBKnZy41yUTraVTltQlVCatZSk="></latexit>

✓12 ' 33o
<latexit sha1_base64="xbewyifA6gz4349XlJuxzB37/Eo="></latexit>

not participate in
<latexit sha1_base64="qMaQUpxNvyifbnviJ3UsmDVPpk8="></latexit>

⌫ oscillations
<latexit sha1_base64="qJr2ESobpxCybdAT+SwXqJ98484="></latexit>

(only in /L processes)

<latexit sha1_base64="Q+OpsgSSDMii9UVC9RLZfnz8vfw="></latexit>

Majorana phases do

<latexit sha1_base64="e2yGfI/dVzlVfzUm3OmuaS7SzDc="></latexit>

� Dirac phase

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="hqq42+smcq2aRCLSxK7jslBetQ8="></latexit>

UPMNS =

0

BBB@

c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCCA

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =
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BBB@

1 0 0

0 c23 s23
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CCCA
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c13 0 s13e�i�
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0 0 e�i
↵3
2

1

CCCA



zoom.us video

<latexit sha1_base64="/rmzD2v/q3njfY/SkoGhgz6FvGU="></latexit>

For 3 families, the unitary rotation that diagonalizes the mass matrix is
<latexit sha1_base64="N+4ylm7ArsnPcLStAaGw6rA8dKc="></latexit>

given by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.
<latexit sha1_base64="8p4IYqS3JJCtX+5+ej7IAeNQNz4="></latexit>

3 families ) parametrized by 3 angles ✓ij , 1 Dirac phase �, and 2 Majorana
<latexit sha1_base64="zlgYQy1S1EClb+ZiH6rZq/7bb+I="></latexit>

phases ↵i

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="hqq42+smcq2aRCLSxK7jslBetQ8="></latexit>

UPMNS =

0

BBB@

c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCCA

<latexit sha1_base64="SmalbIZCjvpWm9NJay3GRUMQqYQ="></latexit>

UPMNS =

0

BBB@

1 0 0

0 c23 s23

0 �s23 c23

1

CCCA

0

BBB@

c13 0 s13e�i�

0 1 0

�s13ei� 0 c13

1

CCCA

0
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CCCA
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0 e�i
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2 0

0 0 e�i
↵3
2

1

CCCA

<latexit sha1_base64="9HM357n7ugbVfp/REug/BPBqvP0="></latexit>

J ⌘ Im
h
U⇤
↵iU�iU↵jU⇤

�j

i
=

1

8
sin (2✓12) sin (2✓13) sin (2✓23) cos ✓13 sin �

<latexit sha1_base64="8mQ+BzJH8TepZ3hbgjj/tOUfjho="></latexit>

' 0.03 sin �

<latexit sha1_base64="PFsdisWzVHkPaMxPEk2vrkUYbWI="></latexit>

With these values of the mixing angles, the amount of��CP in the
<latexit sha1_base64="tRbIKxqwlDnTlGI3hr2UC6Rd1hY="></latexit>

leptonic sector

<latexit sha1_base64="PN58Lf7Uwup85ibMu443EKTXXJQ="></latexit>

! lecture by Zsolt Szép



zoom.us video

<latexit sha1_base64="wHjGKgEXmzsdxYvcatJwIAlvo1Q="></latexit>

3 families ) 2 mass di↵erences

<latexit sha1_base64="YdlwEETCKB+6cPuyputowTSh3O4="></latexit>

�m2
21 ' 7.5 · 10�5 eV2

<latexit sha1_base64="fp2mzmbtkw68nFm+oUVN8vIzir0="></latexit>���m2
31

�� ' 2.4 · 10�3 eV2

<latexit sha1_base64="mm/I4qu6EPiSNb5TXW/x9cPBJYU="></latexit>

“solar” mass spliting

<latexit sha1_base64="tn9q/PAR5gdblbLP6XlF4Xdgbj8="></latexit>

“atmospheric” mass spliting

<latexit sha1_base64="slCaOVY2VkgQhf1bDCCVGYZZWi8="></latexit>

(> 0 known sign!)

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="wSfGMRfjsoAG4LagopjPVnizz8s="></latexit>

Moreover,

<latexit sha1_base64="F4F6VL2ZZOgSh5Th0qFZ2qLn8Cs="></latexit>

(�m2
sol)

<latexit sha1_base64="WOS3buVKidFba5iccAIgLO6CFjc="></latexit>

(�m2
atm)



zoom.us video

<latexit sha1_base64="wHjGKgEXmzsdxYvcatJwIAlvo1Q="></latexit>

3 families ) 2 mass di↵erences

<latexit sha1_base64="YdlwEETCKB+6cPuyputowTSh3O4="></latexit>

�m2
21 ' 7.5 · 10�5 eV2

<latexit sha1_base64="fp2mzmbtkw68nFm+oUVN8vIzir0="></latexit>���m2
31

�� ' 2.4 · 10�3 eV2

<latexit sha1_base64="mm/I4qu6EPiSNb5TXW/x9cPBJYU="></latexit>

“solar” mass spliting

<latexit sha1_base64="tn9q/PAR5gdblbLP6XlF4Xdgbj8="></latexit>

“atmospheric” mass spliting

<latexit sha1_base64="slCaOVY2VkgQhf1bDCCVGYZZWi8="></latexit>

(> 0 known sign!)

<latexit sha1_base64="+dETpWZvjPqqd4fetA+K1JWtClM="></latexit>

Since

<latexit sha1_base64="6iaG+j2Il0iEtoYON7pPpJSScO8="></latexit>

✓13 ⌧ ✓12, ✓23
<latexit sha1_base64="cPVtvgmSI1QCz4dWKUzVFPTbTe0="></latexit>

�m2
21 ⌧

���m2
31

��

<latexit sha1_base64="W3C1SzOTapDC4oDZ0PkDPorDAOY="></latexit>

the simple 2-family approximation recovered
<latexit sha1_base64="SpvpGbiHgkVFKpA5PRvitSF4cSY="></latexit>

recovered in almost all the regimens

<latexit sha1_base64="xmEdzYQzgXs6uDF8qWnwg3b7THE="></latexit>

P↵� = �↵� � sin2 2✓ sin2
✓
�m2L

4E

◆

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="wSfGMRfjsoAG4LagopjPVnizz8s="></latexit>

Moreover,

<latexit sha1_base64="F4F6VL2ZZOgSh5Th0qFZ2qLn8Cs="></latexit>

(�m2
sol)

<latexit sha1_base64="WOS3buVKidFba5iccAIgLO6CFjc="></latexit>

(�m2
atm)



zoom.us video

<latexit sha1_base64="usigGgCxKKpT3NpquGEt438Pzsk="></latexit>

• Atmospheric regime

<latexit sha1_base64="XjHfpGuKWHOOKYdmaFpvitp/uhY="></latexit>

Atmospheric ⌫ produced in the atmosphere by collision of high-energy
<latexit sha1_base64="yePkW9DZi6Uu6r/4QZM2sb/Cu60="></latexit>

cosmic rays
<latexit sha1_base64="ArQcAKprQI60WE8XkSACP3j6abw="></latexit>

cosmic ray

<latexit sha1_base64="rlVn3aQ0XNX5ZTyHeomWjQkhNus="></latexit>⇡

<latexit sha1_base64="HkTCPNmBLqb/L5K+vhiUhXfAUEM="></latexit>µ
<latexit sha1_base64="hwbimsuGQeUNXH+Yr3UFFzmdu80="></latexit>e

<latexit sha1_base64="hRTc1wk8YenRR7bBDUl7lYk+zl0="></latexit>⌫e
<latexit sha1_base64="RTaxTCokheK8EHBJRE5giNwyIOs="></latexit>⌫µ

<latexit sha1_base64="RTaxTCokheK8EHBJRE5giNwyIOs="></latexit>⌫µ

<latexit sha1_base64="rlVn3aQ0XNX5ZTyHeomWjQkhNus="></latexit>⇡

<latexit sha1_base64="B/zENhzsMSyIwgu/wixdFjo8WUE="></latexit>

⇡ ! µ+ ⌫µ
<latexit sha1_base64="ATak0+diXPR9z/pelC0hXjmrbTs="></latexit>

e+ ⌫e + ⌫µ
<latexit sha1_base64="LPoAitJHNlWOidzuCr9HVa+Ezpw="></latexit>

two ⌫µ per ⌫e

<latexit sha1_base64="UUJgO1F5do4GQCF7kjGdD8txPfc="></latexit>

These ⌫µ and ⌫e are detected by
<latexit sha1_base64="H0/y08Z/oT74WbQjwbwoFQ05J2s="></latexit>

SuperKamiokande (SK) in Japan.

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families



zoom.us video

<latexit sha1_base64="LC0Xn9tsn1VKn9E4kjQoqjcm074="></latexit>

SuperKamiokande is a water-Cherenkov detector.

42 m
<latexit sha1_base64="zjArliawOktaVa7rCDYstajOIAU="></latexit>

42 m

<latexit sha1_base64="GzmymHfoT4Mqn0LwpVjZ5zRAjWc="></latexit>

50 kt of pure water

<latexit sha1_base64="GMGQN1f9Zau7YF+h0+0a1AQ/t5w="></latexit>

1 km under Kamioka

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="usigGgCxKKpT3NpquGEt438Pzsk="></latexit>

• Atmospheric regime

<latexit sha1_base64="PYTGsBj2+hUnjddHOoZQrRZhIUM="></latexit>

Japan



zoom.us video

<latexit sha1_base64="LC0Xn9tsn1VKn9E4kjQoqjcm074="></latexit>

SuperKamiokande is a water-Cherenkov detector.

<latexit sha1_base64="uqFJOas0m9lL/WLd2ZiY4gy1TQs="></latexit>

v` ' c > cwater ) Cherenkov radiation

<latexit sha1_base64="OBmfHd2HNWTn8b9wEL80HOUwxJw="></latexit>µ
<latexit sha1_base64="QZSjFFvAmN/h6al0u4FNckat6rM="></latexit>

well defined ring
<latexit sha1_base64="fOGKDrND2vG4Pdm+H+VnWfI1MpA="></latexit>

in the event display

<latexit sha1_base64="gAiGZrVWIRnnPMaJGdOBV/3mysM="></latexit>

The incoming ⌫↵ produces a `↵ via
<latexit sha1_base64="rYoEXBUEeNokG1CL/PkAAYgn3XY="></latexit>

CC interaction in SK

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="usigGgCxKKpT3NpquGEt438Pzsk="></latexit>

• Atmospheric regime

<latexit sha1_base64="gpIDgg3y//Uoo02Yqevwqg7OJX4="></latexit>

µ-like event



zoom.us video

<latexit sha1_base64="LC0Xn9tsn1VKn9E4kjQoqjcm074="></latexit>

SuperKamiokande is a water-Cherenkov detector.

<latexit sha1_base64="uqFJOas0m9lL/WLd2ZiY4gy1TQs="></latexit>

v` ' c > cwater ) Cherenkov radiation

<latexit sha1_base64="OBmfHd2HNWTn8b9wEL80HOUwxJw="></latexit>µ

<latexit sha1_base64="Sl07+CwDfaBh1/URFQTm6pfjBgc="></latexit>e

<latexit sha1_base64="QZSjFFvAmN/h6al0u4FNckat6rM="></latexit>

well defined ring

<latexit sha1_base64="8kDYzDNiF7Wsz38tH7T83ts/rN0="></latexit>

not-well defined ring

<latexit sha1_base64="fOGKDrND2vG4Pdm+H+VnWfI1MpA="></latexit>

in the event display

<latexit sha1_base64="fOGKDrND2vG4Pdm+H+VnWfI1MpA="></latexit>

in the event display

<latexit sha1_base64="gAiGZrVWIRnnPMaJGdOBV/3mysM="></latexit>

The incoming ⌫↵ produces a `↵ via
<latexit sha1_base64="rYoEXBUEeNokG1CL/PkAAYgn3XY="></latexit>

CC interaction in SK

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="usigGgCxKKpT3NpquGEt438Pzsk="></latexit>

• Atmospheric regime
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FIG. 5. Data and MC comparisons for the entire Super-K data divided into 19 analysis samples. Samples with more than one
zenith angle bin (c.f. Table II) are shown as zenith angle distributions (second through fifth column) and other samples are
shown as reconstructed momentum distributions (first column). Lines denote the best fit MC assuming the normal hierarchy.
Narrow panels below each distribution show the ratio of the data to this MC. In all panels the error bars represent the statistical
uncertainty. In this projection each bin contains events of all energies, which obscures the di↵erence between the hierarchies. If
the inverted hierarchy MC were also drawn it would lie on top of the normal hierarchy line and for this reason it is not shown
here. Figure 10 provides a better projection for comparing the hierarchies.

1−10 1 10 210 310 410 510
0

200

400

600

800

1000

1200

1400
)eν+eνFC Sub-GeV (

)eν+eνFC Multi-GeV (

1−10 1 10 210 310 410 510
0

500

1000

1500

2000

2500 )µν+µνFC Sub-GeV (

)µν+µνFC Multi-GeV (

PC Stop

PC Through

1−10 1 10 210 310 410 510
0

50

100

150

200

250  StopµUp-

 ThroughµUp-

 ShoweringµUp-

Ev
en

ts
/5

00
0 

D
ay

s!

Neutrino Energy (GeV)! Neutrino Energy (GeV)! Neutrino Energy (GeV)!

FIG. 6. True Super-K atmospheric neutrino energy spectra from simulation without oscillations.
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FIG. 6. True Super-K atmospheric neutrino energy spectra from simulation without oscillations.
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Characterized by E ⇠ few GeV, and L ⇠ 1000 km.
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Neutrino Oscillations: 3 families
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Therefore, the probability of measuring the ⌫e produced in the Sun goes like
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P Sun
⌫e!⌫e

' |h⌫e|⌫2i|2 = |(UPMNS)e2|
2 ' cos2 ✓12

<latexit sha1_base64="dKLr2tkPJdM6XtgpZpay6h8dK2s="></latexit>

By observing the resonant behaviour, they also deduced that �m2
21 > 0,

<latexit sha1_base64="Zmn2BBfXrANym/BIZfj0kfSw/iU="></latexit>

establishing the hierarchy between m1 and m2.
<latexit sha1_base64="uN5ygid1A8TMiGLvojrwlecmaRI="></latexit>

Measured by SuperKamiokande, SNO and Borexino.
<latexit sha1_base64="yiGojmouID8z0mq2lqPv3+0sspc="></latexit>

Confirmed by KamLAND, a reactor experiment measuring ⌫e disappearance

<latexit sha1_base64="dF3zaRt/VV2VzW6BQZQIR4HSflA="></latexit>

PK-LAND
⌫e!⌫e

' 1� sin2 (2✓12) sin
2

✓
�m2

21L

4E

◆
<latexit sha1_base64="5GmqRbs4fMniMa0UGxx+rzwN9/Y="></latexit>

E ⇠ few MeV
<latexit sha1_base64="zKDb49+qdYP3DLzBmQ/o59kz3mg="></latexit>

L ⇠ 100 km

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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Therefore, the probability of measuring the ⌫e produced in the Sun goes like
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<latexit sha1_base64="GOW9LsL96D1LRtH4s8PrbvMSgbI="></latexit>

• Reactor regime (E ⇠ few MeV and L ⇠ 1 km)
<latexit sha1_base64="CT+qJHTPif0rqlCoE9GD5+hjgh4="></latexit>

At least two detectors; one close to the nuclear reactor and the other about
<latexit sha1_base64="NREsK+WTk3fSnqHAROZMQw04XYg="></latexit>

1 km away are used to measure the ⌫e flux.

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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1 km away are used to measure the ⌫e flux.
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In this regime, the ⌫e survival probability goes like
<latexit sha1_base64="Oi7dyjbuilW1l/42w4G05gYVIaI="></latexit>

P reactor
⌫e!⌫e

' 1� sin2 (2✓13) sin
2

✓
�m2

31L

4E

◆
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<latexit sha1_base64="d9K+wNWBAJ5Zgo2y4Xu6DBfq364="></latexit>

In this regime, the ⌫e survival probability goes like
<latexit sha1_base64="Oi7dyjbuilW1l/42w4G05gYVIaI="></latexit>
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<latexit sha1_base64="DuXrlXVeyt1v1DgnS61MaWWhEII="></latexit>

Discovery of ✓13 6= 0 in 2012!
<latexit sha1_base64="OXbNK+9xExckF0yghWzwpwNg/Rs="></latexit>

Measured by Daya Bay, RENO and Double CHOOZ.

<latexit sha1_base64="cfW3RlJ6UK1NdTb003wFt63SQx0="></latexit>

experiment (South Korea)

<latexit sha1_base64="C53xkgmv89y5Ztk1YNrdASFK3YY="></latexit>

Scheme of the RENO

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>
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<latexit sha1_base64="yYOq89T4jOeZrPmBdZ++hOmLCl0="></latexit>

Summary of the dependence on the neutrino oscillation parameters

[1] SNO, Borexino, Gallex, SK

[2] KamLAND

[3] Daya Bay, Reno, Double-Chooz

[4] SK, MINOS, IceCUBE

[5,6] T2K, MINOS, NO⌫A

<latexit sha1_base64="w/L1845yTAGeD/NFBIPKGKR3OFY="></latexit>

Neutrino oscillation experiment Leading dependence Subleading dependence

Solar experiments [1] ✓12 �m2
sol & ✓13

Reactor LBL [2] �m2
sol ✓12 & ✓13

Reactor MBL [3] ✓13 |�m2
atm|

Atmospheric experiments [4] ✓23 �m2
atm , ✓13 & �

Acc. LBL ⌫µ & ⌫µ disappearance [5] |�m2
atm| ✓23 & ✓13

Acc. LBL ⌫e appearance [6] ✓13 �m2
atm , � & ✓23

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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<latexit sha1_base64="W8b7/F1UOPCOe4H9qsdiLuhA6Zs="></latexit>

�m2
21

⇥
10�5 eV2

⇤ <latexit sha1_base64="3I5EoMl39aNZ9gRbvZX21b+k7IU="></latexit>

�m2
32

⇥
10�3 eV2

⇤ <latexit sha1_base64="iJOcRRTDf+v9E05Jvzt1DQhrhQ0="></latexit>

�m2
31

<latexit sha1_base64="5KGbRi9HJC0yrJnmUw3XJ5s+d8g="></latexit>

�

<latexit sha1_base64="x8xqkStAqGdO/ilZSpGLbG9/Bq4="></latexit> si
n
2
✓ 1

2

<latexit sha1_base64="ng/LB7uh8VWOmc+Ppkzhu01sAuA="></latexit> si
n
2
✓ 1

3

<latexit sha1_base64="knKE4VOUWMEqJFKVs2VS55HHgTM="></latexit> si
n
2
✓ 2

3

<latexit sha1_base64="cWIwAlr7NSv0JQViP1UEzaAePyc="></latexit>

0
<latexit sha1_base64="M1kuNtWziFGKBbF8hHC5IzXjl7Y="></latexit>

⇡/2 <latexit sha1_base64="mTzKdNg5d1CpLXKT6rB5mW5UCg8="></latexit>⇡
<latexit sha1_base64="o8BI6RgDEdW5qgHIKsWnGyL/Irc="></latexit>

2⇡
<latexit sha1_base64="dmtCryMdWkvLZMWlZ4Xf0HOts1g="></latexit>

3⇡/2
<latexit sha1_base64="krNR8IjeUPKDUw62dBYRUWj8P84="></latexit>

6.5
<latexit sha1_base64="fwtvcMwTFhaXZaaoq7Ja2d+sWDk="></latexit>

7.5
<latexit sha1_base64="4KAxwkgUBI8ON3UippKOhJUX1vo="></latexit>

7
<latexit sha1_base64="vTUMxMa+eR7kuoIDkSyDo7U+23w="></latexit>

8

<latexit sha1_base64="D4IPN+FXGhvsWOscAbE6ZqfDDvs="></latexit> 0.
2

<latexit sha1_base64="ZxDP1hs9P+1bM8bjQfHzZyQPNrE="></latexit> 0.
25

<latexit sha1_base64="Mzjea1pVYVrdTkFGPwlAgoD1QsE="></latexit> 0.
3

<latexit sha1_base64="iV33gkBmzaxUZUP89XDni9lFNIM="></latexit> 0.
35

<latexit sha1_base64="vjPATRedN/vUrUicqxfLkQqC9Vc="></latexit> 0.
4

<latexit sha1_base64="Mzjea1pVYVrdTkFGPwlAgoD1QsE="></latexit> 0.
3

<latexit sha1_base64="vjPATRedN/vUrUicqxfLkQqC9Vc="></latexit> 0.
4

<latexit sha1_base64="9mNjmgd94BmLicx++a4kMIiRmQk="></latexit> 0.
5

<latexit sha1_base64="M5Tfc1AYo1K53xBXdx9h/zjzPsw="></latexit> 0.
6

<latexit sha1_base64="Sza3ihDFwzPI5rm9BaxjEvInSss="></latexit> 0.
7

<latexit sha1_base64="c8xAJtK7XEMwKmQwoLeUctz6BVc="></latexit> 0.
03

<latexit sha1_base64="3NmUunYwnEl1lMyMwkTCLh6rr3s="></latexit> 0.
02

<latexit sha1_base64="HHt/7WK/xnifkKKifgbrmwhXumQ="></latexit> 0.
02

5
<latexit sha1_base64="rG4C7YPt44krvaT8iAyMUvZQzUE="></latexit> 0.
01

5

<latexit sha1_base64="P6QvlVgQjDyKBaQL0LZK4Df29Xg="></latexit>

2.6
<latexit sha1_base64="1dDhfGgN7m2NSf/H+LuacUI/qwA="></latexit>

2.4
<latexit sha1_base64="qDwUwgIwJ1EbiGbrXI3IeIHbK88="></latexit>�2.2

<latexit sha1_base64="D0XBvWOzv9JkdHOezu82lYRW7XA="></latexit>�2.6

<latexit sha1_base64="/QLR4ExxhRrty01MbdYoI71ZXp4="></latexit>

Present values obtained through a global-fit to a complete set of ⌫
<latexit sha1_base64="E/gTbmwVAjULsGxEBVccr4BCJf8="></latexit>

oscillation experiments

<latexit sha1_base64="+MOUHj7IXyv8vwct7nDUo9GtVzI="></latexit>

NuFIT 4.1
<latexit sha1_base64="Q8gWZiawskN7jwed7VqRhwPN7sI="></latexit>

www.nu-fit.org

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>
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<latexit sha1_base64="+MOUHj7IXyv8vwct7nDUo9GtVzI="></latexit>

NuFIT 4.1
<latexit sha1_base64="Q8gWZiawskN7jwed7VqRhwPN7sI="></latexit>

www.nu-fit.org

<latexit sha1_base64="TmYU7mQrrbYeWC7M/GXHPRW5JEw="></latexit>

sin2 ✓12 0.310+0.013
�0.012

sin2 ✓23 0.558+0.020
�0.033

sin2 ✓13 0.02141+0.00066
�0.00065

�m2
sol 7.39+0.21

�0.20 · 10�5eV2

|�m2
atm| 2.523+0.032

�0.030 · 10�3eV2

<latexit sha1_base64="0wRbEeCXIJBBQM43T7Bn1hxPxs8="></latexit>

In the global-fit, the normalization of reactor fluxes is left free while data
<latexit sha1_base64="zZ19B2QpEgn0TBl5Q+k4wSWdTmg="></latexit>

from short-baseline reactor experiments are included. The values of sin2 ✓23
<latexit sha1_base64="TwmZGiAwu2yfJtEjZRwgX8Lg81g="></latexit>

and sin2 ✓13 are obtained assuming normal ordering.

<latexit sha1_base64="Owdf2KXqyZ2mNUZVbh/sR5ZqKBs="></latexit>

The present best-fit values of the neutrino oscillation parameters are

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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<latexit sha1_base64="+MOUHj7IXyv8vwct7nDUo9GtVzI="></latexit>

NuFIT 4.1
<latexit sha1_base64="Q8gWZiawskN7jwed7VqRhwPN7sI="></latexit>

www.nu-fit.org

<latexit sha1_base64="TmYU7mQrrbYeWC7M/GXHPRW5JEw="></latexit>

sin2 ✓12 0.310+0.013
�0.012

sin2 ✓23 0.558+0.020
�0.033

sin2 ✓13 0.02141+0.00066
�0.00065

�m2
sol 7.39+0.21

�0.20 · 10�5eV2

|�m2
atm| 2.523+0.032

�0.030 · 10�3eV2

<latexit sha1_base64="Owdf2KXqyZ2mNUZVbh/sR5ZqKBs="></latexit>

The present best-fit values of the neutrino oscillation parameters are

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families

<latexit sha1_base64="on4urDEzsAdQLo5//CyzCmA4k2w="></latexit>

However, there are still some unknown values
<latexit sha1_base64="Cxp2cgUQuNtdDyuNYjZDhlcwvFo="></latexit>

� � (maximal?)
<latexit sha1_base64="1BV01zypoQBor4qZDqDOLmRMxGA="></latexit>

� ✓23 octant (maximal mixing?)

<latexit sha1_base64="dKzdwjELPiIsB2QgU8CeoB1eb04="></latexit>

� �m2
atm sign

<latexit sha1_base64="5j2H3cw4ShpwoECnrxleaWg4yEc="></latexit>

��CP ?
<latexit sha1_base64="j2FDUBAPcPCw4Hm82b3YxU8vT0Y="></latexit>)
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�m2
atm

�m2
sol

m
2

?

⌫e ⌫µ ⌫⌧

⌫1

⌫2

⌫3

?

⌫3

⌫2

⌫1

�m2
atm

�m2
sol

Normal Hierarchy

(NH)

Inverted Hierarchy

(IH)

<latexit sha1_base64="mnxe7tlkm++Hz6hPGFj+R3KkovY="></latexit>

The sign of �m2
atm gives rise to

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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<latexit sha1_base64="1uljj0F3cR87oWPlP/OZ4jNF4TU="></latexit>

is through ⌫µ ! ⌫e disappearance channel at accelerator LBL ⌫ experiments.

<latexit sha1_base64="dtxXw5qRpL/j6lOCYXCuExbI39Q="></latexit>

The best window to measure mass ordering and��CP in the leptonic sector

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>
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<latexit sha1_base64="P0+VYay6KtOp5eQlxqAPrmSRiL0="></latexit>

The probability of the golden channel goes like
<latexit sha1_base64="vcMWUy4684n0IfAUhUlEqRY2zk0="></latexit>

P⌫µ!⌫e ' c223 sin
2 (2✓12) sin

2 (�21)
<latexit sha1_base64="wPqxmg7xi3HUjBuYB1wXhL1Csxw="></latexit>

+s223 sin
2 (2✓13) sin

2 (�31)
<latexit sha1_base64="s6gmsJUb2Ko1w38ovSD8KUmMp3U="></latexit>

+c13 sin (2✓12) sin (2✓13) sin (2✓23) cos (±� ��31) sin (�31) sin (�21)

<latexit sha1_base64="1uljj0F3cR87oWPlP/OZ4jNF4TU="></latexit>

is through ⌫µ ! ⌫e disappearance channel at accelerator LBL ⌫ experiments.

<latexit sha1_base64="dtxXw5qRpL/j6lOCYXCuExbI39Q="></latexit>

The best window to measure mass ordering and��CP in the leptonic sector

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>

Neutrino Oscillations: 3 families
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The probability of the golden channel goes like
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+c13 sin (2✓12) sin (2✓13) sin (2✓23) cos (±� ��31) sin (�31) sin (�21)
<latexit sha1_base64="fa345yUdssijUX1RbE09/0328xg="></latexit>

CP interference

<latexit sha1_base64="+pAdlzBTpgPH+f6UCaPSCwE1RwU="></latexit>

solar regime

<latexit sha1_base64="4xGRbfKi0OT/lt54xFV4RVDa98k="></latexit>

atmospheric regime

<latexit sha1_base64="ceMj102OfXe4BnV0ZBCo0DBWPK8="></latexit>

By comparing ⌫µ and ⌫µ disappearance channels, they could measure �.

<latexit sha1_base64="1uljj0F3cR87oWPlP/OZ4jNF4TU="></latexit>

is through ⌫µ ! ⌫e disappearance channel at accelerator LBL ⌫ experiments.

<latexit sha1_base64="dtxXw5qRpL/j6lOCYXCuExbI39Q="></latexit>

The best window to measure mass ordering and��CP in the leptonic sector

<latexit sha1_base64="fcejHhxbB3zOaAVCTtK05Kge7PQ="></latexit>
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Oscillation Analysis results
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• Agreement with reactor 
measurements
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• Preference for Normal Hierarchy, 
Inverted Hierarchy excluded 1.9!

• All values for Normal Hierarchy are 
allowed at 1.1! (NH, upper octant)

• Region around δCP ~ +π/2 and 
Inverted Hierarchy is excluded at >4!  

• Results are in agreement with T2K

Confidence interval of δCP
arXiv:1906.04907
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preliminary results
<latexit sha1_base64="cS+gFCJJre3x5dhGsyriGjZtC8E="></latexit>

T2K (L ' 295 km, E ' 1 GeV) and NO⌫A (L ' 810 km, E ' 3 GeV)
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Oscillation Analysis results
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• Preference for Normal Hierarchy, 
Inverted Hierarchy excluded 1.9!

• All values for Normal Hierarchy are 
allowed at 1.1! (NH, upper octant)

• Region around δCP ~ +π/2 and 
Inverted Hierarchy is excluded at >4!  

• Results are in agreement with T2K

Confidence interval of δCP
arXiv:1906.04907
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T2K (L ' 295 km, E ' 1 GeV) and NO⌫A (L ' 810 km, E ' 3 GeV)
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Neutrino Oscillations: 3 families
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Will be confirmed by future ⌫ oscillation experiments: DUNE & T2HK
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Remember that... ! lecture by Timo Kärkkäinen
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The neutrino mass scale is not known.
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The best way to measure the absolute neutrino mass scale in a model
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independent way is through single �-decay experiments.
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Neutrino mass scale from �-decay
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Neutrino mass scale from �-decay
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Neutrino mass scale from �-decay
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They study the shape of the � spectrum close to the end point

<latexit sha1_base64="OlG5YPPFA5t7UHY2vnJoUtSHxUQ="></latexit>

Te (eV)

<latexit sha1_base64="FHOpsFr2hBHDhw2mh691xNccVHA="></latexit>

��

<latexit sha1_base64="rmvAK2A7StYnAh2JuiUHx7/dTN4="></latexit>

E0

<latexit sha1_base64="sTGrAJapHlEa4BhnBmrpBaJcwgs="></latexit>

Neutrino mass scale from �-decay
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Neutrino mass scale from �-decay
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Neutrino Masses in the SM
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Remember that... ! lecture by Timo Kärkkäinen
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<latexit sha1_base64="Ws05J91iaOZZwdw7HiCwMuDKD8c="></latexit>• Majorana neutrino masses

<latexit sha1_base64="DfNTir8oXx/DxRz7le5h1G/28F0="></latexit>

but violates SU(2)L ⇥U(1)Y
<latexit sha1_base64="obrSUJ3pVeejOITn3m7Yfd0WpMA="></latexit>

m̂⌫cL⌫L

<latexit sha1_base64="MgTCzIuZZ/b3bz4b91nOIk5fQd0="></latexit>

Since neutrinos are the only neutral fermions

<latexit sha1_base64="6QI7sGWaaib7MXx5ie3GnVGf0M0="></latexit>

m̂ = �v2EW

2
cd=5

<latexit sha1_base64="7Tp64ViJhL+7hFQhHvr/RhW40dY="></latexit>

1

2
cd=5
↵�

⇣
`↵

c
L�̃

⇤
⌘⇣

�̃†`�L

⌘
+ h.c.

after����!
EWSB

v2EW

2
cd=5⌫cL⌫L

<latexit sha1_base64="GcELPQEWN8wBEDwcCT2N7VS4cLY="></latexit>

However, after EWSB, can be induced through Weinberg operator

<latexit sha1_base64="IqFgnLIgVraWfSMYFhmmK65PqdM="></latexit>

d = 5 ) Is SM low energy remnant of higher energy theory?

<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="GdT+/Vq9+F6uIX38+Bu43fg2wCA="></latexit>

Remember that... ! lecture by Timo Kärkkäinen



zoom.us video

<latexit sha1_base64="mrvYD1Y9ivFDpjToftuUblMEHHw="></latexit>

And therefore, neutrinos are strictly massless in the SM.

<latexit sha1_base64="9ufB2BwRSXTm0ZkquykeA8X3OQo="></latexit>

The SM must be extended to account for neutrino oscillations.

<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="GdT+/Vq9+F6uIX38+Bu43fg2wCA="></latexit>

Remember that... ! lecture by Timo Kärkkäinen



zoom.us video
<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="QbIrjd2gjeJB96LFAjASbxMpiQo="></latexit>

The Weinberg operator e↵ectively generated by new particles.
<latexit sha1_base64="eordfNaAXyZvmkUEs2nhFC9059w="></latexit>

At tree level the 3 possible realizations of the Weinberg operator are
<latexit sha1_base64="jqDqvmhU+G0wGtDlih7i7WfG7x4="></latexit>

• Type-I Seesaw: heavy fermionic singlets NR

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="7tXx/GvRnd38gdaeXSlpfR3Hykc="></latexit>

NR
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<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="QbIrjd2gjeJB96LFAjASbxMpiQo="></latexit>

The Weinberg operator e↵ectively generated by new particles.
<latexit sha1_base64="eordfNaAXyZvmkUEs2nhFC9059w="></latexit>

At tree level the 3 possible realizations of the Weinberg operator are
<latexit sha1_base64="jqDqvmhU+G0wGtDlih7i7WfG7x4="></latexit>

• Type-I Seesaw: heavy fermionic singlets NR

<latexit sha1_base64="hHuNLbGAdqAM3JN2p4B+G4lopb4="></latexit>

• Type-II Seesaw: heavy scalar SU(2)L triplets ⇤

<latexit sha1_base64="G9rR9t7/cq7LiMgOQTBzFqmfyz8="></latexit>

⇤

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="7tXx/GvRnd38gdaeXSlpfR3Hykc="></latexit>

NR

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
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<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="QbIrjd2gjeJB96LFAjASbxMpiQo="></latexit>

The Weinberg operator e↵ectively generated by new particles.
<latexit sha1_base64="eordfNaAXyZvmkUEs2nhFC9059w="></latexit>

At tree level the 3 possible realizations of the Weinberg operator are
<latexit sha1_base64="jqDqvmhU+G0wGtDlih7i7WfG7x4="></latexit>

• Type-I Seesaw: heavy fermionic singlets NR

<latexit sha1_base64="hHuNLbGAdqAM3JN2p4B+G4lopb4="></latexit>

• Type-II Seesaw: heavy scalar SU(2)L triplets ⇤

<latexit sha1_base64="g39I0bEFcwLvx6n+Tw+MYjchxcw="></latexit>

• Type-III Seesaw: heavy fermionic SU(2)L triplets ⌃R

<latexit sha1_base64="lQT1QTe8mXeht4iScN6CTaa7Ahs="></latexit>

⌃R

<latexit sha1_base64="G9rR9t7/cq7LiMgOQTBzFqmfyz8="></latexit>

⇤

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="7tXx/GvRnd38gdaeXSlpfR3Hykc="></latexit>

NR

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�



zoom.us video
<latexit sha1_base64="gtwkSAywA3ncw43DRsoLGgfd8+I="></latexit>

Neutrino Masses in the SM

<latexit sha1_base64="QbIrjd2gjeJB96LFAjASbxMpiQo="></latexit>

The Weinberg operator e↵ectively generated by new particles.
<latexit sha1_base64="eordfNaAXyZvmkUEs2nhFC9059w="></latexit>

At tree level the 3 possible realizations of the Weinberg operator are
<latexit sha1_base64="jqDqvmhU+G0wGtDlih7i7WfG7x4="></latexit>

• Type-I Seesaw: heavy fermionic singlets NR

<latexit sha1_base64="hHuNLbGAdqAM3JN2p4B+G4lopb4="></latexit>

• Type-II Seesaw: heavy scalar SU(2)L triplets ⇤

<latexit sha1_base64="g39I0bEFcwLvx6n+Tw+MYjchxcw="></latexit>

• Type-III Seesaw: heavy fermionic SU(2)L triplets ⌃R

<latexit sha1_base64="lQT1QTe8mXeht4iScN6CTaa7Ahs="></latexit>

⌃R

<latexit sha1_base64="G9rR9t7/cq7LiMgOQTBzFqmfyz8="></latexit>

⇤

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="7tXx/GvRnd38gdaeXSlpfR3Hykc="></latexit>

NR

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵

<latexit sha1_base64="XwbNurmdR55Nksp+jx1yDabizGY="></latexit>

`�

<latexit sha1_base64="tUb1s5OPC+Y8ejtqFB0siPSUtBc="></latexit>

`↵
<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�

<latexit sha1_base64="uNpjo/gsAy+qOFVoqpsi8tSa6Rc="></latexit>

�



zoom.us video

<latexit sha1_base64="PACGTFKK8HQKd+KQV04MZ5EYmg8="></latexit>

The SM is enlarged by an arbitrary number of NR

<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="mzQFm+8AJzqySy5uQE+gyJgq3BE="></latexit>

since NR are singlets and Y = 0, Dµ = @µ in the kinetic term.

<latexit sha1_base64="In1bYRmFM8XPr9LzW1rVN46/x50="></latexit>

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.
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<latexit sha1_base64="PACGTFKK8HQKd+KQV04MZ5EYmg8="></latexit>

The SM is enlarged by an arbitrary number of NR

<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="In1bYRmFM8XPr9LzW1rVN46/x50="></latexit>

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

<latexit sha1_base64="EpnRNuTJaPqnqQMzChxOWT9kx+k="></latexit>

Yukawa interaction

<latexit sha1_base64="fZAtB29PL1run9NtLh8MAmyYqWA="></latexit>

yN⌫L�NR
after����!

EWSB
yN

vEWp
2
⌫LNR

<latexit sha1_base64="j2FDUBAPcPCw4Hm82b3YxU8vT0Y="></latexit>)
<latexit sha1_base64="tzrR532zaec2ine+eZquP4hcbac="></latexit>

mD = yN
vEWp

2
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<latexit sha1_base64="PACGTFKK8HQKd+KQV04MZ5EYmg8="></latexit>

The SM is enlarged by an arbitrary number of NR

<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="In1bYRmFM8XPr9LzW1rVN46/x50="></latexit>

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

<latexit sha1_base64="SWqDQCDVIRx9a64E0Oa+bDWclp4="></latexit>

Allowed Majorana mass for NR
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<latexit sha1_base64="PACGTFKK8HQKd+KQV04MZ5EYmg8="></latexit>

The SM is enlarged by an arbitrary number of NR

<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="In1bYRmFM8XPr9LzW1rVN46/x50="></latexit>

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

<latexit sha1_base64="SWqDQCDVIRx9a64E0Oa+bDWclp4="></latexit>

Allowed Majorana mass for NR
<latexit sha1_base64="xvaaKq4/umYkWA48/ZF9214P1zk="></latexit>

MN not related to the EWSB. New Physics scale where L is broken.

eV keV MeV GeV TeV<latexit sha1_base64="1ZqGOe386vlQR1W7RKb3JuF93AE="></latexit>

MN
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<latexit sha1_base64="PACGTFKK8HQKd+KQV04MZ5EYmg8="></latexit>

The SM is enlarged by an arbitrary number of NR

<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="In1bYRmFM8XPr9LzW1rVN46/x50="></latexit>

L = LSM + iNR /@NR �
✓
1

2
NRi(MN )ijN c

Rj + (yN )i↵NRi�
†`L↵

◆
+ h.c.

<latexit sha1_base64="SWqDQCDVIRx9a64E0Oa+bDWclp4="></latexit>

Allowed Majorana mass for NR
<latexit sha1_base64="xvaaKq4/umYkWA48/ZF9214P1zk="></latexit>

MN not related to the EWSB. New Physics scale where L is broken.

eV keV MeV GeV TeV<latexit sha1_base64="1ZqGOe386vlQR1W7RKb3JuF93AE="></latexit>

MN

⇤EW

<latexit sha1_base64="ePcjWnt8PbItZpl2Yh67HnQlvAA="></latexit>

If MN � ⇤EW ) the new fields can be integrated out.



zoom.us video
<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="68zCeD4XlPeVKvONebFgM1l/W2c="></latexit>

The resulting e↵ective field theory, built from a set of e↵ective operators,

<latexit sha1_base64="PIpZXWZUIeGtBjNnPNY/LW9okJw="></latexit>

can be used to study the low energy phenomenology.
<latexit sha1_base64="4SY49MP9939Xyg2TsVA+3e8JgLA="></latexit>

Le↵ = LSM +
1

⇤
Ld=5 +

1

⇤2
Ld=6 + · · · ' LSM + �Ld=5 + �Ld=6

<latexit sha1_base64="gkG1HLZKVojpGaxK/MIdpii7yDs="></latexit>

⇤ ⇠ MN
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<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="68zCeD4XlPeVKvONebFgM1l/W2c="></latexit>

The resulting e↵ective field theory, built from a set of e↵ective operators,

<latexit sha1_base64="PIpZXWZUIeGtBjNnPNY/LW9okJw="></latexit>

can be used to study the low energy phenomenology.
<latexit sha1_base64="4SY49MP9939Xyg2TsVA+3e8JgLA="></latexit>

Le↵ = LSM +
1

⇤
Ld=5 +

1

⇤2
Ld=6 + · · · ' LSM + �Ld=5 + �Ld=6

<latexit sha1_base64="Z48obHsvGIl0Lz9z6nvLjIbQhJY="></latexit>

• d = 5 : Weinberg operator ! light neutrino Majorana masses
<latexit sha1_base64="LCL5u2hiVKkTFvE6cgNo54tleNc="></latexit>
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⌘
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after����!
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2
cd=5
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<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="CrL0D/MfYHvRGoxwhSLvhBUipTM="></latexit>

�m̂ =
v2EW

2
cd=5

<latexit sha1_base64="gkG1HLZKVojpGaxK/MIdpii7yDs="></latexit>

⇤ ⇠ MN
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<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="68zCeD4XlPeVKvONebFgM1l/W2c="></latexit>

The resulting e↵ective field theory, built from a set of e↵ective operators,

<latexit sha1_base64="PIpZXWZUIeGtBjNnPNY/LW9okJw="></latexit>

can be used to study the low energy phenomenology.
<latexit sha1_base64="4SY49MP9939Xyg2TsVA+3e8JgLA="></latexit>

Le↵ = LSM +
1

⇤
Ld=5 +

1

⇤2
Ld=6 + · · · ' LSM + �Ld=5 + �Ld=6

<latexit sha1_base64="Z48obHsvGIl0Lz9z6nvLjIbQhJY="></latexit>

• d = 5 : Weinberg operator ! light neutrino Majorana masses
<latexit sha1_base64="LCL5u2hiVKkTFvE6cgNo54tleNc="></latexit>
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<latexit sha1_base64="B2wZAYTqNyj3toiPuzIVh1DlNnM="></latexit>

�̃
<latexit sha1_base64="B2wZAYTqNyj3toiPuzIVh1DlNnM="></latexit>

�̃

<latexit sha1_base64="KVCfYvkRvNrdzoNBqe/Yhh72YPg="></latexit>

NR

<latexit sha1_base64="m/fMNxqmVNEUDKDtKu6ELB9tvFI="></latexit>

`L
<latexit sha1_base64="3ZUiuGIb8Dk9M3fcgvpF83p/sT4="></latexit>

`cL

<latexit sha1_base64="G+h2iU4wOVE7NRhN0kNKpR2vMAQ="></latexit>yN
<latexit sha1_base64="hOtYWSNKVZiLzyzIWy2ne0M9McQ="></latexit>

ytN
<latexit sha1_base64="6wFbE/DnC2mpL/6+ZjQICBRWniI="></latexit>

/p+MN

p2 �M2
N

<latexit sha1_base64="6SD/Ls47XLZCOUaVbYq+kClNMRc="></latexit>

p2 ⌧ M2
N

<latexit sha1_base64="B2wZAYTqNyj3toiPuzIVh1DlNnM="></latexit>

�̃
<latexit sha1_base64="B2wZAYTqNyj3toiPuzIVh1DlNnM="></latexit>

�̃

<latexit sha1_base64="m/fMNxqmVNEUDKDtKu6ELB9tvFI="></latexit>

`L
<latexit sha1_base64="3ZUiuGIb8Dk9M3fcgvpF83p/sT4="></latexit>

`cL

<latexit sha1_base64="bpPVwavqprGksxiXPwbqIn5Zpqs="></latexit>)
<latexit sha1_base64="CrL0D/MfYHvRGoxwhSLvhBUipTM="></latexit>

�m̂ =
v2EW

2
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<latexit sha1_base64="gkG1HLZKVojpGaxK/MIdpii7yDs="></latexit>

⇤ ⇠ MN
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<latexit sha1_base64="EMelWrd3lN/hKjvnvbzSMP4Y5Ac="></latexit>

SM + type-I Seesaw

<latexit sha1_base64="68zCeD4XlPeVKvONebFgM1l/W2c="></latexit>

The resulting e↵ective field theory, built from a set of e↵ective operators,

<latexit sha1_base64="PIpZXWZUIeGtBjNnPNY/LW9okJw="></latexit>

can be used to study the low energy phenomenology.
<latexit sha1_base64="4SY49MP9939Xyg2TsVA+3e8JgLA="></latexit>

Le↵ = LSM +
1

⇤
Ld=5 +

1

⇤2
Ld=6 + · · · ' LSM + �Ld=5 + �Ld=6

<latexit sha1_base64="Z48obHsvGIl0Lz9z6nvLjIbQhJY="></latexit>

• d = 5 : Weinberg operator ! light neutrino Majorana masses
<latexit sha1_base64="LCL5u2hiVKkTFvE6cgNo54tleNc="></latexit>
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<latexit sha1_base64="B2wZAYTqNyj3toiPuzIVh1DlNnM="></latexit>
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SM + type-I Seesaw
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The resulting e↵ective field theory, built from a set of e↵ective operators,
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can be used to study the low energy phenomenology.
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• d = 6 : operator ! non-unintary neutrino mixing
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There will be a d = 6 operator from the
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It is the only d = 6 operator that appears at tree level.
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it induces corrections to the left-handed neutrino kinetic term )
<latexit sha1_base64="esq/uQO2AKKfMEW+Fg1D0oaq68c="></latexit>

they become non-diagonal in flavor space. With the following transformation
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We define the Hermitian matrix
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• d = 6 : operator ! non-unintary neutrino mixing
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With the following transformation

<latexit sha1_base64="og3p2FdB9Rauq6frVB6w5+0barc="></latexit>

the neutrino kinetic terms are brought to a diagonal and canonical form.
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• d = 6 : operator ! non-unintary neutrino mixing
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We find deviations from unitarity in the leptonic mixing matrix
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N = (I � ⌘)UPMNS

<latexit sha1_base64="SCv2IsSvKiAaz3rKyY0p4hLJnlY="></latexit>

(Hermitian matrix) (Unintary matrix) ) general parametrization of the
<latexit sha1_base64="fLsATv3u1SjcPR4rlbxWc3TDs7g="></latexit>

non-unitarity
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All the New Physics encoded in the free parameters (6 angles,3 phases) of ⌘
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NC and CC modified ) corrections in precision observables
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SM + type-I Seesaw
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Based on

• JHEP 10 (2015) 130. EFM, JHG JLP & ML.

• JHEP 08 (2016) 033. EFM, JHG & JLP.

• JHEP 1905 (2019) 169. JHG & SFK.
<latexit sha1_base64="0BjXdMZdSJ4u0/wRSZgYEtmDfOA="></latexit>

<latexit sha1_base64="CDf9srP0peWs0LYAW2btfMnkEjU="></latexit>

MCMC analysis with 28 observables scanning over the free parameters
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Matter-antimatter Asymmetry
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microwave background (CMB) radiation
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Matter-antimatter asymmetry in the Universe well measured using cosmic

<latexit sha1_base64="s+V2RcdsVjKCHqMtyT6aN4y8jxY="></latexit>

Y CMB
B ' (8.67± 0.09) · 10�10

<latexit sha1_base64="N9EzD/ASpE6Bq0lHsxmFzbKXTpQ="></latexit>

. From Planck data



zoom.us video
<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="n3uerjqjpDKHq4T0Ii+ZuAnefio="></latexit>

microwave background (CMB) radiation

<latexit sha1_base64="+qoo6M6hsQbCR+Ea0A20JuR9vg4="></latexit>

Matter-antimatter asymmetry in the Universe well measured using cosmic

<latexit sha1_base64="s+V2RcdsVjKCHqMtyT6aN4y8jxY="></latexit>

Y CMB
B ' (8.67± 0.09) · 10�10

<latexit sha1_base64="N9EzD/ASpE6Bq0lHsxmFzbKXTpQ="></latexit>

. From Planck data

<latexit sha1_base64="RRt8LIL+ZQvDih96X/kgwvJUkeE="></latexit>

conditions are satisfied

<latexit sha1_base64="LcCjBpINBSPEIn+uJtxkTCCPKlU="></latexit>

Baryon asymmetry (baryogenesis) can be dynamically generated if the Sakharov

<latexit sha1_base64="tlkjTeGGZYC2rIJ3SWCSxS2uBak="></latexit>

1)��B interactions

<latexit sha1_base64="SA4euBRz2b0/qRmiLxmRApPxkMU="></latexit>

2)�C and��CP

<latexit sha1_base64="Ft6Mbc1K4W+93LwgT0ZgU3N3FDU="></latexit>

3) Departure from thermal equilibrium
<latexit sha1_base64="oO6p2JZs3swsm8YhHPFrDYDX3dY="></latexit>

In equilibrium, the production and destruction of a baryon asymmetry

<latexit sha1_base64="CIt4pWZCivIQ/VPMkTg7FleELPg="></latexit>

Jq ' 2.9 · 10�5

<latexit sha1_base64="sy8ENdOnjA2lE1OooZ2BTJsT3zg="></latexit>

B + L is anomalous and transitions that violate B and L can happen via
<latexit sha1_base64="POlURnkeRCFlgGlp36FkC/I4gnM="></latexit>

sphalerons



zoom.us video
<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="ET5h75q4G8CiFO38MT5elpZni2o="></latexit>

so that sphalerons do not wash out the baryon asymmetry.

<latexit sha1_base64="Uz4QbCw7NrOlaQYV2hiiX3Nge1w="></latexit>

When baryogenesis occurs at energies higher than the EW scale, besides the
<latexit sha1_base64="gyIVXYMz6LBIZrMLRYKa5FaaMEg="></latexit>

necessary Sakharov conditions, B � L symmetry must be violated too,
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="ET5h75q4G8CiFO38MT5elpZni2o="></latexit>

so that sphalerons do not wash out the baryon asymmetry.

<latexit sha1_base64="Uz4QbCw7NrOlaQYV2hiiX3Nge1w="></latexit>

When baryogenesis occurs at energies higher than the EW scale, besides the
<latexit sha1_base64="gyIVXYMz6LBIZrMLRYKa5FaaMEg="></latexit>

necessary Sakharov conditions, B � L symmetry must be violated too,

<latexit sha1_base64="l/T1T32biRhIDW1j9y85QXNw/nI="></latexit>

Idea: create L in the early Universe that will be converted into B via
<latexit sha1_base64="u+huV33hrZTiVQGkzhCSnRUUE48="></latexit>

sphaleron transitions. It is knowns as baryogenesis through leptogenesis.



zoom.us video
<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="ET5h75q4G8CiFO38MT5elpZni2o="></latexit>

so that sphalerons do not wash out the baryon asymmetry.

<latexit sha1_base64="Uz4QbCw7NrOlaQYV2hiiX3Nge1w="></latexit>

When baryogenesis occurs at energies higher than the EW scale, besides the
<latexit sha1_base64="gyIVXYMz6LBIZrMLRYKa5FaaMEg="></latexit>

necessary Sakharov conditions, B � L symmetry must be violated too,

<latexit sha1_base64="l/T1T32biRhIDW1j9y85QXNw/nI="></latexit>

Idea: create L in the early Universe that will be converted into B via
<latexit sha1_base64="u+huV33hrZTiVQGkzhCSnRUUE48="></latexit>

sphaleron transitions. It is knowns as baryogenesis through leptogenesis.

<latexit sha1_base64="2OQZG1PY/A3VSqTrMgA8amzqrLo="></latexit>

type-I Seesaw
<latexit sha1_base64="2OQZG1PY/A3VSqTrMgA8amzqrLo="></latexit>

type-I Seesaw

<latexit sha1_base64="EvErHKGOGlC5hnJ8ejBfhddfrKc="></latexit>

1) ◆L by the Majorana mass
<latexit sha1_base64="GpCifSzifAlZSErw8FSpPqCwVXU="></latexit>

2) J⌫ ' 0.03 sin � + additional phases if yN 2 C
<latexit sha1_base64="XtI9ZNUhk+a7ih+f5VmaBAYJYmE="></latexit>

3) N decays out of eq. in the expanding Universe once T < MN

<latexit sha1_base64="DHEV01QmuGdp4T4P35kG4Mk9O9k="></latexit>

The type-I Seesaw could do that!



zoom.us video
<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="fqz2vSITPkLqslb1NipsX9izE8c="></latexit>

Ni $ �0⌫L
<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and

<latexit sha1_base64="/58l+uQ6yp+f8Nyh5gU3XDAHrzg="></latexit>

At very high temperature (T )
<latexit sha1_base64="5P4CCxJQLIe+GTauksXuojProGE="></latexit>

Ni $ �+`�
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="fqz2vSITPkLqslb1NipsX9izE8c="></latexit>

Ni $ �0⌫L

<latexit sha1_base64="Hl/s4F7mBWilu9wTJmt69FZHx64="></latexit>

Ni ! �0⌫L

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and
<latexit sha1_base64="7bYEEX7ohIC6wi/vdJXrjYrUsok="></latexit>

as the Universe expands, T drops below MNi )

<latexit sha1_base64="/58l+uQ6yp+f8Nyh5gU3XDAHrzg="></latexit>

At very high temperature (T )

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and

<latexit sha1_base64="asBEjGnSDX4kD87/eUYIlLJthuw="></latexit>

only the decay is allowed
<latexit sha1_base64="wnOuzp1X/mswiQChOZOMdY93hY0="></latexit>

Ni ! �+`�

<latexit sha1_base64="5P4CCxJQLIe+GTauksXuojProGE="></latexit>

Ni $ �+`�
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="fqz2vSITPkLqslb1NipsX9izE8c="></latexit>

Ni $ �0⌫L

<latexit sha1_base64="Hl/s4F7mBWilu9wTJmt69FZHx64="></latexit>

Ni ! �0⌫L

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and
<latexit sha1_base64="7bYEEX7ohIC6wi/vdJXrjYrUsok="></latexit>

as the Universe expands, T drops below MNi )

<latexit sha1_base64="/58l+uQ6yp+f8Nyh5gU3XDAHrzg="></latexit>

At very high temperature (T )

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and

<latexit sha1_base64="asBEjGnSDX4kD87/eUYIlLJthuw="></latexit>

only the decay is allowed

<latexit sha1_base64="wnOuzp1X/mswiQChOZOMdY93hY0="></latexit>

Ni ! �+`�
<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and
<latexit sha1_base64="2weayAvBhiwuB/7VQ2R2n2n5gMk="></latexit>

Ni ! ��`+

<latexit sha1_base64="wnOuzp1X/mswiQChOZOMdY93hY0="></latexit>

Ni ! �+`�

<latexit sha1_base64="5P4CCxJQLIe+GTauksXuojProGE="></latexit>

Ni $ �+`�

<latexit sha1_base64="Mmw8FqlmX1KUZW8YPQuNXJqk6iQ="></latexit>

If Ni are Majorana particles, then both decays are allowed
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="fqz2vSITPkLqslb1NipsX9izE8c="></latexit>

Ni $ �0⌫L

<latexit sha1_base64="Hl/s4F7mBWilu9wTJmt69FZHx64="></latexit>

Ni ! �0⌫L

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and
<latexit sha1_base64="7bYEEX7ohIC6wi/vdJXrjYrUsok="></latexit>

as the Universe expands, T drops below MNi )

<latexit sha1_base64="/58l+uQ6yp+f8Nyh5gU3XDAHrzg="></latexit>

At very high temperature (T )

<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and

<latexit sha1_base64="asBEjGnSDX4kD87/eUYIlLJthuw="></latexit>

only the decay is allowed

<latexit sha1_base64="wnOuzp1X/mswiQChOZOMdY93hY0="></latexit>

Ni ! �+`�
<latexit sha1_base64="pR+E1rZJEaeHx23/qDQmVctaKdE="></latexit>

and
<latexit sha1_base64="2weayAvBhiwuB/7VQ2R2n2n5gMk="></latexit>

Ni ! ��`+

<latexit sha1_base64="wnOuzp1X/mswiQChOZOMdY93hY0="></latexit>

Ni ! �+`�

<latexit sha1_base64="5P4CCxJQLIe+GTauksXuojProGE="></latexit>

Ni $ �+`�

<latexit sha1_base64="Mmw8FqlmX1KUZW8YPQuNXJqk6iQ="></latexit>

If Ni are Majorana particles, then both decays are allowed

<latexit sha1_base64="tx5rf3Tc6NFxYVIBQq3CwRSitNw="></latexit>

Imagine that��CP and �N!l� > �N!l� ) �L0 is created

<latexit sha1_base64="a8FTih2vSjlFZp7SW/SkEaaZadw="></latexit>

L �L0 3 6 . . . �L0/2

B 0 3 6 . . . +L0/2

<latexit sha1_base64="h/AGpgULTVoMxi/PzZnxNlrcGjg="></latexit>

�L = �B = 3�nCS



zoom.us video
<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="tZ6Ip1jdmRp9OGmPwDygT01xO4U="></latexit>

However, this process is not instantaneous and washout e↵ects will partly

<latexit sha1_base64="/BOd4hZTUWhk1Zm41X6Ncfw1ZGI="></latexit>

erase the asymmetry. The remaining L asymmetry can then be converted
<latexit sha1_base64="XBEC9Fqmwj75YoBRlI3LamCPGag="></latexit>

by sphaleron processes into a B asymmetry

<latexit sha1_base64="WSj7y7i77/IO10EJwpizlSMSqeY="></latexit>

⌘B / kcs✏1
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="tZ6Ip1jdmRp9OGmPwDygT01xO4U="></latexit>

However, this process is not instantaneous and washout e↵ects will partly

<latexit sha1_base64="/BOd4hZTUWhk1Zm41X6Ncfw1ZGI="></latexit>

erase the asymmetry. The remaining L asymmetry can then be converted
<latexit sha1_base64="XBEC9Fqmwj75YoBRlI3LamCPGag="></latexit>

by sphaleron processes into a B asymmetry

<latexit sha1_base64="WSj7y7i77/IO10EJwpizlSMSqeY="></latexit>

⌘B / kcs✏1
<latexit sha1_base64="nMYXc38m1d7ze7ZXmYfDXCys9wM="></latexit>

k: washout factor, takes into account that decoupling is not instantaneous
<latexit sha1_base64="9lvxI8lKuXJRvVrqcrE/rh9ODN0="></latexit>

cs: sphaleron constant, quantifies how much L asymmetry is converted to B

<latexit sha1_base64="kuBQJlhrASIcwvMgKukMtegZCmM="></latexit>

asymmetry

<latexit sha1_base64="mcllUVNJdhYN8azMObfihAIBaK0="></latexit>

✏1: CP asymmetry given by
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<latexit sha1_base64="hxXoLm78ybFoQrNo68Ztj5+DUt8="></latexit>

Matter-antimatter Asymmetry

<latexit sha1_base64="tZ6Ip1jdmRp9OGmPwDygT01xO4U="></latexit>

However, this process is not instantaneous and washout e↵ects will partly

<latexit sha1_base64="/BOd4hZTUWhk1Zm41X6Ncfw1ZGI="></latexit>

erase the asymmetry. The remaining L asymmetry can then be converted
<latexit sha1_base64="XBEC9Fqmwj75YoBRlI3LamCPGag="></latexit>

by sphaleron processes into a B asymmetry

<latexit sha1_base64="WSj7y7i77/IO10EJwpizlSMSqeY="></latexit>

⌘B / kcs✏1
<latexit sha1_base64="nMYXc38m1d7ze7ZXmYfDXCys9wM="></latexit>

k: washout factor, takes into account that decoupling is not instantaneous
<latexit sha1_base64="9lvxI8lKuXJRvVrqcrE/rh9ODN0="></latexit>

cs: sphaleron constant, quantifies how much L asymmetry is converted to B

<latexit sha1_base64="kuBQJlhrASIcwvMgKukMtegZCmM="></latexit>

asymmetry

<latexit sha1_base64="mcllUVNJdhYN8azMObfihAIBaK0="></latexit>

✏1: CP asymmetry given by

<latexit sha1_base64="8dlLNSOH0SydyjZLoRQr5IyxOs0="></latexit>

for T > 1012 GeV and assuming MN1 ⌧ MN2 ⌧ MN3 .

<latexit sha1_base64="6UcUsChNaco+z/d+zhSNugTrxL0="></latexit>

✏1 =
�N1!`� � �N1!`�

�N1!`� + �N1!`�

' 3

16⇡v2EW

X

j 6=1

Im

⇣
mDm†

D

⌘2

1j

�

⇣
mDm†

D

⌘

11

MN1

MNj
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<latexit sha1_base64="OxO/QWHl00dvpifr+59/umpbbLE="></latexit>

In order to test the Majorana character of ⌫, we have to look for ◆L processes.
<latexit sha1_base64="m4Plq5CQCbzzyCejAdO76shkxP4="></latexit>

The most promising window is the neutrinoless double �-decay (0⌫��).

<latexit sha1_base64="CL/oQ9SHJFQ05mrL004UX9qn3Ic="></latexit>n
<latexit sha1_base64="ZurXHtGGzibni67s88vroACRg8s="></latexit>p

<latexit sha1_base64="aPL+Old5GR3C6h5dKCnNi6eYEq0="></latexit>

e�

<latexit sha1_base64="Ugn3h22Wx9C8P9Iy7c2CuQGRSqw="></latexit>

⌫e

<latexit sha1_base64="B67qnYRWoax9U/xJWm7bULVQHMs="></latexit>

W�

<latexit sha1_base64="CL/oQ9SHJFQ05mrL004UX9qn3Ic="></latexit>n <latexit sha1_base64="ZurXHtGGzibni67s88vroACRg8s="></latexit>p

<latexit sha1_base64="aPL+Old5GR3C6h5dKCnNi6eYEq0="></latexit>

e�

<latexit sha1_base64="Ugn3h22Wx9C8P9Iy7c2CuQGRSqw="></latexit>

⌫e

<latexit sha1_base64="B67qnYRWoax9U/xJWm7bULVQHMs="></latexit>

W�

<latexit sha1_base64="1CX1CjmNLkd9gS7gB7Da+FcQBh8="></latexit>

• Double �-decay (2⌫��)

<latexit sha1_base64="+jzEvPDVKyp6cxB180ySc/ok2B0="></latexit>

possible for some rare isotopes

<latexit sha1_base64="+18NM86yioCMeKVFzevK/Dhie/Y="></latexit>

X

<latexit sha1_base64="QmgPJHUMFS06kMS+StrHqciN78E="></latexit>

X 0

<latexit sha1_base64="q+4Y3m9VhVNMkaoQODzazqeCU4M="></latexit>

X 00

<latexit sha1_base64="96OfcY+YuOJKJfCfCyG+vpCtNO8="></latexit>

�
<latexit sha1_base64="96OfcY+YuOJKJfCfCyG+vpCtNO8="></latexit>

�
<latexit sha1_base64="GMm2Oj3XCs0DpG9iKa4D43QhSqY="></latexit>

��

<latexit sha1_base64="sQHjjGtKPvA8VkYazpihwCn8D+A="></latexit>

N(A,Z) ! N(A,Z + 2) + 2e� + 2⌫e

<latexit sha1_base64="AZc1X7u7HAL5LoPjvRzgCtgSVkI="></latexit>

But if ⌫ are Majorana particles ...

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫
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<latexit sha1_base64="OxO/QWHl00dvpifr+59/umpbbLE="></latexit>

In order to test the Majorana character of ⌫, we have to look for ◆L processes.
<latexit sha1_base64="m4Plq5CQCbzzyCejAdO76shkxP4="></latexit>

The most promising window is the neutrinoless double �-decay (0⌫��).

<latexit sha1_base64="CL/oQ9SHJFQ05mrL004UX9qn3Ic="></latexit>n
<latexit sha1_base64="ZurXHtGGzibni67s88vroACRg8s="></latexit>p

<latexit sha1_base64="aPL+Old5GR3C6h5dKCnNi6eYEq0="></latexit>

e�
<latexit sha1_base64="B67qnYRWoax9U/xJWm7bULVQHMs="></latexit>

W�

<latexit sha1_base64="CL/oQ9SHJFQ05mrL004UX9qn3Ic="></latexit>n <latexit sha1_base64="ZurXHtGGzibni67s88vroACRg8s="></latexit>p

<latexit sha1_base64="aPL+Old5GR3C6h5dKCnNi6eYEq0="></latexit>

e�
<latexit sha1_base64="B67qnYRWoax9U/xJWm7bULVQHMs="></latexit>

W�

<latexit sha1_base64="sQHjjGtKPvA8VkYazpihwCn8D+A="></latexit>

N(A,Z) ! N(A,Z + 2) + 2e� + 2⌫e

<latexit sha1_base64="725kGvsqHFnAv9qzxBDuTXOBnqc="></latexit>

• Neutrinoless double �-decay (0⌫��)

<latexit sha1_base64="O0DQdpHmLaQdkS9SuCAwIZBlCrw="></latexit>

/
X

i

(UPMNS)
2
ei mi ⌘ m��<latexit sha1_base64="unWcg892FVnHhzIMzfUVlRhXUt8="></latexit>⌫i

<latexit sha1_base64="I5bEohSR9s72I7a81KljGyfFnIg="></latexit>

e↵ective Majorana mass

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫



zoom.us video

<latexit sha1_base64="JUCMk4wuyBAeBwwrH8BDDW6A8uo="></latexit>

The two processes produce di↵erent spectra

<latexit sha1_base64="CW1ixB1ovUo428K16kw84XbXPTg="></latexit>

E

<latexit sha1_base64="OAHPIvAD8xJE45nom+wzHF/3aX4="></latexit>

2⌫��

<latexit sha1_base64="iJdOGMXr5u1PdnwQRkD5r9ljd4o="></latexit>

0⌫��

<latexit sha1_base64="N5xktk8IvrTJth+X3wbyaz5HOUw="></latexit>

By measuring the half-life the e↵ective Majorana mass can be constrained

<latexit sha1_base64="G78UK106TCr+M0XLP5AjUvKghdg="></latexit>

T0⌫�� '
✓
G0⌫

me
|m�� |2Mnuc

◆�1

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫
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<latexit sha1_base64="y90nQBuKE5IJlTe3ityRjmMyV3g="></latexit>

|m�� | =
���(UPMNS)

2
e1 m1 + (UPMNS)

2
e2 m2 + (UPMNS)

2
e3 m3

���

<latexit sha1_base64="XPncKuoPS2TLTDrvpg0if0e2PU0="></latexit>

We see that

<latexit sha1_base64="nhSuFJMNTxzonkls18GXIZMvdSM="></latexit>

=
��c212c213m1 + s212c

2
13e

i↵2m2 + s213e
i(↵3�2�)m3

��

<latexit sha1_base64="Og6r9rV4QnSqqGrPurPBR60m0nA="></latexit>

Majorana phases

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫
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<latexit sha1_base64="y90nQBuKE5IJlTe3ityRjmMyV3g="></latexit>

|m�� | =
���(UPMNS)

2
e1 m1 + (UPMNS)

2
e2 m2 + (UPMNS)

2
e3 m3

���

<latexit sha1_base64="XPncKuoPS2TLTDrvpg0if0e2PU0="></latexit>

We see that

<latexit sha1_base64="nhSuFJMNTxzonkls18GXIZMvdSM="></latexit>

=
��c212c213m1 + s212c

2
13e

i↵2m2 + s213e
i(↵3�2�)m3

��

<latexit sha1_base64="j/c4eNOS1isGe/pb6ZPnzFFMHfM="></latexit>

|m�� | ⌧<latexit sha1_base64="j2FDUBAPcPCw4Hm82b3YxU8vT0Y="></latexit>)

<latexit sha1_base64="AZvReWzFAojp8thpSO9Tkjg/qtY="></latexit>

3 small terms

<latexit sha1_base64="2/j7KYvV70M3GKr6+61C7CrhKRQ="></latexit>

• If Normal Hierarchy (NH)

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

�m2
atm

�m2
sol

m
2

?

⌫1

⌫2

⌫3



zoom.us video

<latexit sha1_base64="y90nQBuKE5IJlTe3ityRjmMyV3g="></latexit>

|m�� | =
���(UPMNS)

2
e1 m1 + (UPMNS)

2
e2 m2 + (UPMNS)

2
e3 m3

���

<latexit sha1_base64="XPncKuoPS2TLTDrvpg0if0e2PU0="></latexit>

We see that

<latexit sha1_base64="nhSuFJMNTxzonkls18GXIZMvdSM="></latexit>

=
��c212c213m1 + s212c

2
13e

i↵2m2 + s213e
i(↵3�2�)m3

��

<latexit sha1_base64="j/c4eNOS1isGe/pb6ZPnzFFMHfM="></latexit>

|m�� | ⌧<latexit sha1_base64="j2FDUBAPcPCw4Hm82b3YxU8vT0Y="></latexit>)

<latexit sha1_base64="AZvReWzFAojp8thpSO9Tkjg/qtY="></latexit>

3 small terms <latexit sha1_base64="B4leVf+lclx6MAsSkIj9g2h3f8A="></latexit>

2 big terms

<latexit sha1_base64="8A0bI2irw6Ku3Wz4LWPNFs5g5DI="></latexit>

• If Inverted Hierarchy (IH)

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

�m2
atm

�m2
sol

m
2

?

⌫1

⌫2

⌫3

?

⌫3

⌫2

⌫1

�m2
atm

�m2
sol

<latexit sha1_base64="2/j7KYvV70M3GKr6+61C7CrhKRQ="></latexit>

• If Normal Hierarchy (NH)



zoom.us video
<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained
<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]



zoom.us video
<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained
<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="09/7OYnyhgo1672U/G466M/3oFQ="></latexit>

NH

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]



zoom.us video

<latexit sha1_base64="5XtzgH+RHr0bH23VYS6f0lauZFE="></latexit>

Bad news for NH:
<latexit sha1_base64="CQvOkd5WervkcFIqCpq2MfGTVCc="></latexit>

|m�� | could be 0 even
<latexit sha1_base64="+peqzka11IvKi2KzmQL0dCVtJe0="></latexit>

for Majorana neutrinos

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained
<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="09/7OYnyhgo1672U/G466M/3oFQ="></latexit>

NH

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]



zoom.us video

<latexit sha1_base64="O+03YlX79ajo7TGFSyUmgist3+k="></latexit>

• KamLAND-Zen (136Xe)
<latexit sha1_base64="Vz553lKF4hi8HHNd75dgd/POCdI="></latexit>

• GERDA (76Ge)
<latexit sha1_base64="it8fqi40E9zLNZgA4QHa7dmQtag="></latexit>

T0⌫�� > 1.07 · 1026 y ) |m�� | < (61, 165) meV (90% CL)
<latexit sha1_base64="pnzZFX6bVHO6Na/uKC5QyNYKLpo="></latexit>

T0⌫�� > 0.8 · 1026 y (90% CL)

<latexit sha1_base64="ZlPcizJ2+13V9uyatV2O8kLxJNU="></latexit>

(present best constrain)

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained
<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="09/7OYnyhgo1672U/G466M/3oFQ="></latexit>

NH

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]

Current bound

<latexit sha1_base64="bqquwr/yZE3ReAP99w9xY+DDBbk="></latexit>

Present constrains



zoom.us video

<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="09/7OYnyhgo1672U/G466M/3oFQ="></latexit>

NH

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]

<latexit sha1_base64="Q6AXdIa7aXdKe+12jvGRa9G9fvA="></latexit>

Future perspective

<latexit sha1_base64="C4xwhFYPClVOOh68kJOCbVt3ZNA="></latexit>

KamLAND2-Zen
<latexit sha1_base64="uCI6j43gYTMkfTbibmeFhjWLbbQ="></latexit>

SNO+

<latexit sha1_base64="uXlz0+02mSiU6R1VGGI2chcMdSE="></latexit>

intention to cover the IH region
<latexit sha1_base64="X7X61psnVzRUarHe+ngd0TwHJMY="></latexit>

|m�� | < (5, 20) meV

<latexit sha1_base64="mpEKUr3GtBrw3Jc5yU1PuPwTGmg="></latexit>

sensitivity goal next
<latexit sha1_base64="7BFK1lMOVz/F4inzY8h6IiN2x0o="></latexit>

generation experiments

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

Current bound

<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained



zoom.us video

<latexit sha1_base64="ewLyv8PG/GR1PH3wB2q0o6iHt5E="></latexit>

By scanning over the free parameters the following allowed regions for NH
<latexit sha1_base64="ulPoUICV7S8Lk4/hrCwl+HJwLiw="></latexit>

and IH are obtained

10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

<latexit sha1_base64="09/7OYnyhgo1672U/G466M/3oFQ="></latexit>

NH

<latexit sha1_base64="rICk9WP8sk+gcrT09DkrYvxPnGI="></latexit>

IH

<latexit sha1_base64="X2ZHdxPk3cRfWnnfj7MTpCTQbsU="></latexit>

mmin [eV]

<latexit sha1_base64="c4hfgZ4ppDq4vcPP+fqR1OhS1Hg="></latexit> |m
�
�
|[
eV

]

<latexit sha1_base64="Q6AXdIa7aXdKe+12jvGRa9G9fvA="></latexit>

Future perspective

<latexit sha1_base64="C4xwhFYPClVOOh68kJOCbVt3ZNA="></latexit>

KamLAND2-Zen
<latexit sha1_base64="uCI6j43gYTMkfTbibmeFhjWLbbQ="></latexit>

SNO+

<latexit sha1_base64="uXlz0+02mSiU6R1VGGI2chcMdSE="></latexit>

intention to cover the IH region
<latexit sha1_base64="X7X61psnVzRUarHe+ngd0TwHJMY="></latexit>

|m�� | < (5, 20) meV

<latexit sha1_base64="mpEKUr3GtBrw3Jc5yU1PuPwTGmg="></latexit>

sensitivity goal next
<latexit sha1_base64="7BFK1lMOVz/F4inzY8h6IiN2x0o="></latexit>

generation experiments

<latexit sha1_base64="Zs+M6nnd+aSZoiuM2jAFdMNkFiU="></latexit>

Testing the Majorana nature of ⌫

<latexit sha1_base64="+ahJQP3AkYH8r+ltN9GOMiAn28A="></latexit> K
A
T
R
IN

se
n
si
ti
vi
ty

Current bound



zoom.us video

<latexit sha1_base64="Sxed6D90L3QGex6gXHaXrkQ61zA="></latexit>

Thanks


