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‘Plan of Lecture 11 |

Neutrino Oscillations in Vacuum

Matter Effects: MSW

The Data and Its Interpretation

Solar Neutrinos

Atmospheric Neutrinos

Accelerator Neutrinos at Long Baselines
Reactor Neutrinos

Fitting all Together: The New Minimal Standard Model



Neutrinos

The SM 1s a gauge theory based on the symmetry group
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‘N eutrinos in the Standard Model |

With three generation of fermions
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‘N eutrinos in the Standard Model |

The SM 1s a gauge theory based on the symmetry group

With three generation of fermions Three and only three
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Accidental global symmetry: B x L, x L,, x L, (hence L = L.+ L, + L;)
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v strictly massless
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e We have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

x Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
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e We have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

x Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that L, are violated
and There 1s Physics Beyond SM



Neutrinos Concha Gonzalez-Garcia

‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lgrny — M, vrvr + h.c.

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.
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e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lgrny — M, vrvr + h.c.

* NOT 1mpose L conservation = Majorana v = v°
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e The charged current interactions of leptons are not diagonal (same as quarks)
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‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lgrny — M, vrvr + h.c.

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.

e The charged current interactions of leptons are not diagonal (same as quarks)

\%W;Z(U{gpﬁwmﬂ' + US o UA* LDY) + hec.

e In general for V = 3 + s massive neutrinos Uy gp 1s 3 X N matrix

ULEPUEEP = I343 but in general UEEPULEP # INxN

e Urrp: 3+ 3s angles + 2s + 1 Dirac phases + s + 2 Majorana phases
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‘Effects of » Mass: Flavour Transitions |

e Flavour (= Interaction) basis (production and detection): v., v, and v,

e Mass basis (free propagation in space-time): v, 15 and vs ...
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‘Effects of » Mass: Flavour Transitions |

e Flavour (= Interaction) basis (production and detection): v., v, and v,

e Mass basis (free propagation in space-time): vq, 15 and v3 ...

¢ In general interaction eigenstates # propagation eigenstates

1741 "
e
V2 _
ULep = | v,
V3 7
»

= Flavour 1s not conserved during propagation
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‘Effects of » Mass: Flavour Transitions |

e Flavour (= Interaction) basis (production and detection): v., v, and v,

e Mass basis (free propagation in space-time): vq, 15 and v3 ...

¢ In general interaction eigenstates # propagation eigenstates

1741 "
e
V2 _
ULep = | v,
V3 7
»

= Flavour 1s not conserved during propagation
= v can be detected with different (or same) flavour than produced

e The probability 7,3 of producing neutrino with flavour o and detecting with
flavour 3 has to depend on:

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
— Propagation distance
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‘Mass Induced Flavour Oscillations in Vacuum |

e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|v;))

V)= ZUai* 23
1=1

U 1is the leptonic mixing matrix.
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e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|v;))

V)= ZUai* 23
1=1

U 1is the leptonic mixing matrix.

e After a distance L (or time ?) it evolves

va(t) Z i|vi(t)
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‘Mass Induced Flavour Oscillations in Vacuum |

e If neutrinos have mass, a weak eigenstate |v,) producedin/, + N —v, + N’

is a linear combination of the mass eigenstates (|v;))

V)= ZUM* 23
1=1

U 1is the leptonic mixing matrix.

e After a distance L (or time ?) it evolves

va(t) Z i|vi(t)

e it can be detected with flavour 5 with probability

Pop = [(vg|va(t) —!Z aiUpi(vjlvi(t))]®
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‘Flavour Oscillations in Vacuum |

e The probability

Pop = [(vg|va(t) —!Z aiUpi(vjlvi(t))]°

e We call F/; the neutrino energy and m,; the neutrino mass

e Under the approximations:

(1) ‘V> 1S aplane wave = ‘Vz(t» — e —1 Bt

vi(0))

Pop = ag —4 Y Re[Us;UpiUa;Uj;lsin® (%) +2) Im[U;UpiUa;Ug;lsin (Aij)
JF#1 JF#1
with Aij = (Ez — Ej)t
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‘Flavour Oscillations in Vacuum |

e The probability

Pop = [(vg|va(t) —!Z aiUpi(vjlvi(t))]°

e We call F/; the neutrino energy and m,; the neutrino mass

e Under the approximations:

(1) ‘V> 1S aplane wave = ‘Vz(t» — e —1 Bt

vi(0))

- * * 1 . A'L * * 71 .
Pog = bap — 4 ZRe[UMUmUajUﬂj]&n? (#) 42 ZIm[UMUmUajUBj]Sln (Ag;)
JF#1 JF#1
with Aij = (Ez — Ej)t
(2) relativistic v

2
ms
EZ:\/Z 2 oy, 4 U
p; +my p+2E¢
(3) Lowest order inmass p; >~ p; =p ~ E
A, m? —m? L/E
23:1.27 ) _L/

eV2  Km/GeV
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

= * * 2 Az * * .
Pog = 8ap — 4ZRe[UQiU&UajUﬂj]sm2 (TJ) + QZIm[UQiU&UQjUﬂj]sm (A)
JFi JFi
Ay _ (Bi—B)L _ 4 27(m?—m?) L/E
2 2 - eV:  Km/GeV
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

= * * 2 Az * * .
Pog = 8ap — 4ZRe[UmU5anjU5j]sm2 (TJ) + 2ZIm[UaiU5anjUﬂj]Sm (A)
JFi JFi
Ay _ (Bi—B)L _ 4 27(m?—m?) L/E
2 2 - eV:  Km/GeV

— The first term 0,3 — 4ZRC[U;iUBanjUEj]SiH2 (7‘7> equal forv (U — U™)

£
7 — conserves CP
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[U3;UpiUa;Uj;lsin® (%) +2) Im[Ux;UpiUq; U, lsin (Aij)

JFi e
Aij _ (Bi—Ej;)L _ 1 27(m?_m?) L/E
2 2 - eV?  Km/GeV
S * w12 [ Bij _ .
— The first term 043 _4ZRC[UaiUBanjUBj]SIH > equal forv (U — U™)
JFt

— conserves CP

— The last piece 2 ZIm[U;iUmUaj Uj;lsin (A;;) opposite sign for v

I7 — violates CP
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

= * * 2 Az * * .
Pog = 8ap — 4ZRe[UaiU&UO¢jUﬂj]8m2 (TJ) + 2ZIm[UaiU5anjUﬂj]Sm (A)
JFi JFi
Ay _ (Bi—B)L _ 4 27(m?—m?) L/E
2 2 - eV:  Km/GeV

— The first term 0,3 — 4ZRC[U;iU6anjUEj]SiH2 (7‘7> equal forv (U — U™)

£
7 — conserves CP

— The last piece 2 ZIm[U;iUmUaj Uj;lsin (A;;) opposite sign for v

J7 — violates CP

~If o= = ImUg,UaiUa;US;] = Im[|UZ,[*|Uqy]?] = 0

=> CP violation observable only for 5 # «
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[U3;UpiUa;Us;lsin® (%) +2) Im[Uz;UpiUq;Up,lsin (Aij)

j<i j<i
Ay _ (BB)L _ 4 27(m§—m?) L/E
2 2 - eV?  Km/GeV
- * * Terton2 Aij — *
— The first term 0,3 —4ZRe[UMU5anjU6j]sm > equal forv (U — U™)
j<i

— conserves CP

— The last piece 2 ZIm[U;iUganj Uj,]sin (A;;) opposite sign for v

<i .
= — violates CP
e .3 depends on Neutrino Parameters and on Two set-up Parameters:
o Am;; =m7 —m> The mass differences e F The neutrino energy
o U, The mixing angles e /. Distance v source to detector

(and Dirac phases)
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‘Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[U3;UpiUa;Us;lsin® (%) +2) Im[Uz;UpiUq;Up,lsin (Aij)

j<i j<i
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * Terton2 Aij — *
— The first term 0,3 _4ZRC[UaiUBanjUBj]SIH > equal forv (U — U™)
j<i

— conserves CP

— The last piece 2 ZIm[U;iUganj Uj,]sin (A;;) opposite sign for v

<i .
= — violates CP
e .3 depends on Neutrino Parameters and on Two set-up Parameters:
o Am;; =m7 —m> The mass differences e F The neutrino energy
o U, The mixing angles e [, Distance v source to detector

(and Dirac phases)

e No information on mass scale nor Majorana phases
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‘ 2-v Oscillations |
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‘ 2-v Oscillations |

e . cos 6 sin 6
e When oscillations between 2- dominate: U =

—sinf cos0
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‘ 2-v Oscillations |

cos 0 sin 0

e When oscillations between 2-v dominate: U =
—sinf cosé

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\rn E/(1.27 Am )%

4F

P.,.=1—-P,.. Disappear 5 /
o8¢ sin?2

L (distance)
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‘ 2-v Oscillations |

cos 6 sin 0

e When oscillations between 2-v dominate: U =
—sinf cosé

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\:n E/(1.27 Am )%

4F

P.o.=1—P,.. Disappear 5 /
0% sin’2

L (distance)

e Changing at the same time Am* — —Am? and 0 — —0 + %
= only a redefinition v; <> 15
= We can chose the convention Am? > 0and 0 < 0 < g
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‘ 2-v Oscillations |

cos 6 sin 0

e When oscillations between 2-v dominate: U =
—sinf cos0

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\:n E/(1.27 Am )%

4F

P.o.=1—P,.. Disappear 5 /
0% sin’2

L (distance)

e Changing at the same time Am* — —Am? and 0 — —0 + %
= only a redefinition v; <> 15
= We can chose the convention Am? > 0and 0 < 0 < g

e But P, is symmetric independently under Am?* — —Am?* or 0 — —0 + 5
= We can chose the convention Am? > 0and 0 < # < T
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‘ 2-v Oscillations |

cos 6 sin 0

e When oscillations between 2-v dominate: U =
—sinf cos0

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\:n E/(1.27 Am )%

4F

P.o.=1—P,.. Disappear 5 /
o8¢ sin?2

L (distance)

e Changing at the same time Am* — —Am? and 0 — —0 + %
= only a redefinition v; <> 15
= We can chose the convention Am? > 0and 0 < 0 < g

e But P, is symmetric independently under Am?* — —Am?* or 0 — —0 + 5
= We can chose the convention Am? > 0and 0 < # < T

e [/ is real = no CP violation
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‘ 2-v Oscillations |

cos 6 sin 0

e When oscillations between 2-v dominate: U =
—sinf cos0

. 2
Posc — Sln2(29) Sin2 (Am L) Appear e)\:n E/(1.27 Am )%

4F

P.o.=1—P,.. Disappear 5 /
o8¢ sin?2

L (distance)

e Changing at the same time Am* — —Am? and 0 — —0 + %
= only a redefinition v; <> 15
= We can chose the convention Am? > 0and 0 < 0 < g

e But P, is symmetric independently under Am?* — —Am?* or 0 — —0 + 5
= We can chose the convention Am? > 0and 0 < # < T

e [/ is real = no CP violation

This only happens for 2 vacuum oscillations
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
v, sour ce v dletector \)adtl—:-'ltector v, source v.. detector
_ 1. _ _ b Searches for
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
v, sour ce v dletector \)adtla'ltector v source v.. detector
_ 1. _ _ b Searches for
" ” g g Bdiffa
L= % Pa B L B
- |_ -

I
Compares ©_,, and @, tolook for loss

e To detect oscillations we can study the neutrino flavour
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
v, sour ce v dletector \)adtl—:-'ltector v, source v.. detector
_ 1. _ _ b Searches for
" ” g g Bdiffa
L= % Pa B L B
- |_ -

I
Compares ©_,, and @, tolook for loss

e To detect oscillations we can study the neutrino flavour

as function of the Distance to the source

PSUI’V

4 1w E/Am? ~

AV,

L(distancia)

Posc
. sin?2®
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‘u Oscillations: Experimental Probes I

e Generically there are two types of experiments to search for v oscillations :

Disappearance Experiment Appearance Experiment
V_detector detector
Vgsource VOt Va©F v, Sour ce Vg detector
_ 1. _ _ Searches for
— " gdiffa
—L= % Py B - -
- LII -
Compares ©_,, and @, tolook for loss
e To detect oscillations we can study the neutrino flavour
as function of the Distance to the source As function of the neutrino Energy
2
D.w 2
D_(ﬂ
4  E/Am? ~ o
iV \/ ] :

' ' ™NE=2 x Am? x L/
L(distancia) T E(energy)
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e To detect oscillations we can study the neutrino flavour

as function of the Distance to the source As function of the neutrino Energy

N

L(distancia)

PSUI‘\I
PSUN

4 v E/AmM?

POSC

POSC
‘ sin®2¢
sin®29

SNE=2 x Am? x L/
E(energy)
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e To detect oscillations we can study the neutrino flavour

as function of the Distance to the source

PSUI‘\I

4 v E/AmM?

POSC
‘ sin®2¢

N

e In real experiments =

L(distancia)

Pog)= deVdE occ

{Pue? <Pun?

1—(sin*29®) /2

(sin*28)/2

L (distance)

/N

As function of the neutrino Energy

PSUN

POSC

LPee” <Pyn?>

sin®29

SNE=2 x Am? x L/
E(energy)

EV)PQB(EV>

N _—

N T—0

E (energy)
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e To detect oscillations we can study the neutrino flavour

as function of the Distance to the source As function of the neutrino Energy
D_g >
O_?,
4 v E/Am? .
= % \/ -

. . SNE=2 x Am? x L
L(distancia) x AmEx L/ E(energy)

e In real experiments = (P,3)= [ dE, dqu) occ(Ey)Pas(E))

VAN

2
D-‘I’

1—(sin®28) /2 Vv M\//—

VAN

g
o
vV

(sin*28)/2

{Pue? <Pun?

L (distance) E (energy)

e Maximal sensitivity for Am? ~ E/L

~-Am? < E/L = (sin® (Am’L/4E)) ~ 0 — (Pozp) ~ 0& (Paa) ~ 1
CAm? > EJ/L = (sin? (Am2L/AE)) ~ & — (Pog) ~ 2290 <1 g (p ) >




Neutrinos Concha Gonzalez-Garcia

To allow observation of neutrino oscillations:

— Nature has to be good: 6 << 0

L )) for Am?

— Need the right set up (=right <E

=102
. 2 2
10§ IS Source  E (GeV) L (Km) Am= (eV?)
=10
- Solar v Solar 103 107 1010
c L Supernova burst (1987A)
S08 b
! Reactorantiv Atmos  0.1-102 10-103 10~-1-10—4
1 Background from old supernova
10 Reactor 1073 SBL: 0.1-1 1072-10"3
108 } Terrestrial anti-v
10,.;: VERy LOW Atmospheric v LBL 10—102 10_4—10_5
N Energy Neutrinos
. Non-relativistico  vfromAcN Accel 10 SBL: 0.1 > 0.01
A — Low Energy ™~
o Am\ )Amal Neutrinos GZKv LBL: 102-10% 10 2-10—%
10—28-

10-¢ 103 1 103 108 10° 102 10'® 108
pueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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‘N eutrinos in Matter:Effective Potentials |

e In SM the characteristic v-p interaction cross section

G2 E?

s

o~ ~107%cm? at E, ~ MeV

e So if a beam of ®,, ~ 10'2’s was aimed at the Earth only 1 would be deflected

so 1t seems that for neutrinos matter does not matter
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‘N eutrinos in Matter:Effective Potentials |

e In SM the characteristic v-p interaction cross section

G2 E?

s

o~ ~107%cm? at E, ~ MeV

e So if a beam of ®,, ~ 10'2’s was aimed at the Earth only 1 would be deflected

so 1t seems that for neutrinos matter does not matter

e But that cross section is for inelastic scattering
Does not contain forward elastic coherent scattering

e In coherent interactions = r and medium remain unchanged
Interference of scattered and unscattered  waves
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v~ evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

Voo = V2GRN,
W

N, = electron number density
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v~ evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

Voo = V2GRN,
W

N, = electron number density

e v

e The effective potential has opposite sign for neutrinos y antineutrinos
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‘N eutrinos in Matter:Effective Potentials |

e Coherence = decoupling of v~ evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for v, in medium with e~
v €

VCC’ — \/§GFN€
%4

N, = electron number density

e vV

e The effective potential has opposite sign for neutrinos y antineutrinos

e Other potentials for . (7. ) due to different particles in medium

medium Vo VN
etande”  [EV2Gp(N. — Né):FG—\/g(Ne — Ng)(1 — 4sin? 0yy)
pand p 0 :I:G—\/g(Np—Nﬁ)(l—élsinz Ow)
n and 7 0 :FG—\/g<Nn_Nﬁ)
Neutral (Ne = Np) +v2G N, :FG—\/gNn
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‘Neutrinos in Matter: Evolution Equation I

Evolution Eq. for |v) = vy |v1) + 12|1a) = ve|va) + vplvx) (X = p, T, sterile)

Neutrinos

(a) In vacuum in the weak basis

Am? Am
_ii(ye) E—m+m2—(_ in cos20 e Sm%)( e>
o \ vy 2B AanEl sin 26 AanEl cos 20
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Evolution Eq. for |v) = v1|vy) + va|ve) = ve|va) + vlvy) (X = p,

(a) In vacuum in the weak basis

—ia@(%) E - mitms
x U 2FE
X

4F 4E

(b) In matter (e, p,n) in weak basis

- 0 Ve . m%—i—mg V V.
i () v g (Y

4F

‘Neutrinos in Matter: Evolution Equation I

T, sterile)

(-%{g cos20 Am smze) ( >
Am’in2g Am’ong20

Am
COS 20 W

o) (o

Am?

)
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‘Neutrinos in Matter: Evolution Equation I

T, sterile)

Neutrinos

Evolution Eq. for |v) = v1|vy) + va|ve) = ve|va) + vlvy) (X = p,
(a) In vacuum in the weak basis

Am? Am
_ii(ye) E—m+m2—(_ in cos20 e Sm29)< e>
o \ vy 2B AanEl sin 26 AanEl cos 20

(b) In matter (e, p,n) in weak basis
Am
Am? 0590 W

L ox U T X 2F Am? Am?
X AE AE

wo) (o)

(a)#~ (b) because different flavours

have different interactions

v

For example X = pu, 7: 7 W
Vee = Ve — Vx = V2GFr N,
(opposite sign for T/) e, N Ve, Uy, Vs e N e only ve v
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2E(V, — V3))

2 2
1i o (x) = T ;mQ + E(Va+ V) + %\/(Am2 cos 20 — A)? + (Am?2 sin 26)°

— The mixing angle in matter

Am? sin 20
Am? cos20 — A

tan 20,,, =
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2E(V, — V3))

2 2
pha(e) = TEETE 4 (V. 4 V) %\/(AmQ c0520 — A)? + (Am? sin 20)2

— The mixing angle in matter

Am? sin 20

tan 20,,, = 5
Am?cos20 — A

— They depend on relative sign between A and Am? cos(26)
= Information on sign Am? and Octact of ¢
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2E(V, — V3))

2 2
pha(e) = TEETE 4 (V. 4 V) %\/(AmQ c0520 — A)? + (Am? sin 20)2

— The mixing angle in matter

Am? sin 20
Am? cos20 — A

tan 20,,, =

— They depend on relative sign between A and Am? cos(26)
= Information on sign Am? and Octact of ¢

e For constant potential(= constant matter density): ¢,,, and 1; are constant along v path
= the evolution 1s determined by masses and mixing in matter as

2 ) A,LL2L
P,sc = sin“(26,,,) sin ( 5T )
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e If matter density varies along v trajectory the effective masses and mixing vary too
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e If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2FE (V. — V3))

m% —I—m2

s o(z) = 2 + E(Va + Vp)

1
:I:§ \/(Am2 cos 20 — A)? + (Am2 sin 20)

For A > 0

At resonant potential: Ap = Am? cos 20
Minimum Ap? = p3 — p?
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e If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2FE (V. — V3)) The mixing angle in matter
2 2 2
2 mi +mj ___Am~sin 260
_ E(Vy+V tan 260,,, =
#1,2(2) + BVa + Vo) ™ AmZcos26 — A
1 :
:I:§ \/(Am2 cos 20 — A)? + (Am?2 sin 26)? i AR %sin2219=0.001
For A > 0
Vi

x* At A = 0 (vacuum) = 6,,, = 0
*AtA:AR:>9m:§
* At A>>Arp =0, = 5 —0

At resonant potential: Ap = Am? cos 20
Minimum Ap? = p3 — p?
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V1" (z) )

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = Ul0m(x)] ( m ()
Vs Vo T
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V1" (z) )

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] ( m ()
Vs Vo T

we can express the evolution equation in the instantaneous mass basis:

(i) = (i i) (i)

Not diagonal =- Instantaneous mass states # evolution eigenstates = Non adiabaticity
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V1" (z) )

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] ( m ()
Vs Vo (T

we can express the evolution equation in the instantaneous mass basis:

(i) = (i i) (i)

Not diagonal =- Instantaneous mass states # evolution eigenstates = Non adiabaticity

e For Ap?(z) > 4 F 6,,(x) [% ‘fi—‘; < A{g? 5225229@ ] = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix 1in the evolution This is the adiabatic transition approximation
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V1" (z) )

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] ( m ()
Vs Vo T

we can express the evolution equation in the instantaneous mass basis:

(i) = (i i) (i)

Not diagonal =- Instantaneous mass states # evolution eigenstates = Non adiabaticity

e For Ap?(z) > 4 F 6,,(x) [% ‘fi—‘; < A{g? 5225229@ ] = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix 1in the evolution This is the adiabatic transition approximation

e Solar neutrinos are v/, :
— with energies I/, ~ 0.1-10 MeV
— produced in the core of the Sun where Voo g ~ 107 14-10" % eV
(Am?/eV?) sin? 26 -9
= For (E/McV)cos 20 > 3 x 10
Averaged oscillation between Sun-Earth & Adiabatic transition in Sun matter

P.e =114 c0s20,,0c0820] ~ 1 [1—cos?260] ~sin”6 < 1
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

. protfon . (/Y 1 2¢+ +2v, + 25MeV  And only 1. are produced

. . 4He
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

. protoa —— (& ) +2¢++2v,+25MeV  And only 1. are produced
. “He

e Two main chains of nuclear reactions

pp Chain :

[(Dp+p—D+et+u] [)p+e +p—=D+uyl
(99.75%) | | (0.25%)

L

D+ p— *He + v

|
r

3He+3He'—>a+2p “He + ‘He — Be + v | _(5) 3He+p'—>'1He+e+ + v |
(p-p 1: 86%) | (0.00002%)
| ]
[ (3) Be + e~ — "Li + ve | "Be+ p— B+
| |
Li +p —+ 20 [ (4)°B = ®Be" + et + 1|

(pp I : 14%) |

SBe* — 20
(p-p III 0.015%)
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‘ Solar Neutrinos |

e Sun shines by nuclear fusion of protons into He

O
. proton ____, ‘

. . He

e Two main chains of nuclear reactions

pp Chain :

[(Dp+p—D+et+u]
(99.75%) |

[)p+e +p—=D+uyl
| (0.25%)

L

D+ p— *He + v

|
! ! }

*He + *He = o + 2p He + "He — ™Be +~ | (6)*He + p — 'He + et + 1, |
(p-p 1: 86%) | (0.00002%)
| ]
[(3)  Be + e = "Li+ v, | Be+ p— 5B + 5
| |
Li +p —+ 2a | (4) °B = "Be" + et + 1|
(pp I : 14%) |

SBe* — 20
(p-p III 0.015%)

) +2e* +2v,+25MeV  And only . are produced

CNO cycle:

\<E>_O .997MeV

v <E ,>=0.999MeV
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Solar Neutrinos: Fluxes
1012 g - — T T
1o /_\ e Bahcall-Serenelli 2005 3
3 pp- °
1010 Neutrino Spectrum (x1lo) 3
09 b 7Be-|+10.5% ]
BN - SRR PN
= 108 ¢ ,/N:’ b7 A 3
0 T - pep+R%
F 10~ -~ I |
T o1w07g--" I '. 3
E - —_T*\
g C _+F-T A
~ 108 17F:,’,” : \| 0B +16% ]
§ E_,"’ “Be- |
— 1
B 108§ +10.50 P 4
104 // : 3
3 1
r |
103 E 1 =
: I
[ |
102k ! -
E /: :
101! I L /. | 1
0.1 1

Concha Gonzalez-Garcia

PP CHAIN E, (MeV)
(pp)

2 +
p+p —>< H+ e + ve < 0.42
(pep)
pte  +p =2 H+ v, 1.552

("Be)
7Be + e —>7 Li+ ve

0.862(90%)

Neutrino Energy

in MeV

0.384 (10%)
(hep)

2He+p—>4 He+e++ue < 18.77
3B)

8B 8 Be* + et 4+ 1, < 15
CNO CHAIN E (MeV)
13N

BN 513 o et 4+ ve < 1.199
150,

150 515 N 4 et +0e < 1.732
A7p)

17p 317 0 4 et + 0 < 1.74
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\Solar Neutrinos: Results I

Experiment Detection Flavour Ei, MeV)
§H0mestake 37Cl(v, e™ )37 Ar Ve E, > 0.81

S gSage + "1Ga(v,e™ )" Ge Ve E, > 0.23
2 & Gallex+GNO
= Q

Kam = SK ES vpe™ — vee™ v, Vy/r (Ua‘” ~ %) Ee > 5
g SNO CC ved — ppe™ Ve Te > 5
E NC vyd — vepn Ve, Vy /r Ty > 5
<
L ES vpee™ — vee™ Ve, Vy /7 Te > 5

Borexino Vp€  —> Ug€™ Ve, Vy /7 E, = 0.862

Chlarine Gallim Water Heavy Water Heavy Water

vie —ovie ||y idspipre || ved—pin+y

Experiments measuring v, observe a deficit
Deficit disappears in NC
= Solar Model Independent Effect

Deficit is energy dependent
Deficit = P.. ~ 30% (< 0.5) for £/, = 0.8 MeV

= = => Vaccum oscillations??
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Solar Neutrinos: Results

Experiment Detection Flavour +h (MeV)
EHomestake 37Cl(y, e_)37Ar Ve E, > 0.81
Q

S Edage LGa(v, e~ )" Ge Ve E, > 0.23
= 2 Gallex+GNO
<
D)
Kam = SK  ES vge™ — vge™ ve, v, /, (UJM ~ %) Ee >5
CLé SNO CC ved — ppe™ Ve Te > 5
= NC vzd — vzpn Ve, Vyy /v Ty >5
§ ES vpee™ — vpe™ Ves Vyy /r Te > 5
Borexino Vp€  —> Vg€ Ve, Vy /r E, = 0.862

Best explained by v, — .,

\.}r‘a'ter B Heavy Water Heavy Water 14 AL R B B B B
MEnE AV Ee Votd—p+p+e || vid—open+y

Chlorine Gallium

12

. |

~
Q

AmT10° V7]
o)) (4]

A

| .'-E."-.._‘.»;';;.g - - - 2
o
0. 0.25 0.3 0.35

' : .2
Gallex/GNO (Super-) sin“ o
- 2 —8) 2
Am* ~ 5 x 1072 eV~<, 0 ~

N
Qlitl

.4

gz

6
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‘Terrestrial test of LMA: KamLAND |

KamLLAND: Detector of 7. produced in nuclear reactors in Japan at an average distance

of 180 Km

Crane

Rock lining

e

R [T

Outer water tank

Inner tank

Lig.oscinti.
Container

_Aluminum sheets

Phototubes

Map of Japanese Reactors

HEOBEFHRER
PAHRE

24.6 GW

o Kamioka ™™ —

”m
;N
; i

68.5 GW reactor
at
(175 + 35) km
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‘Terrestrial test of LMA: KamLAND |

KamLLAND: Detector of 7. produced in nuclear reactors in Japan at an average distance

of 180 Km

Crane

: : By Rock lining

2o e il ) W0 A

1 g ‘ !

i Ve Srp " "t LB

! - " .' "I 4
g X ‘AT Outer water tanx

1! FTr ] I ..I_. II‘:-

e

)

!ﬁ:
5 0 I |
il

[ %ff

_Aluminum sheets

Inner tank

Lig.oscinti.
Container

Phototubes

Survival Probability

0.8

0.6

04

0.2

Results of KamLLAND
compared with P, for

0 =35°y Am? = 7.5 x 107° (eV/c?)?

o Data-BG-GeoV,
— EXxpectation based on osci. parameters

L + determined by KamLAND

= + + 4

I_I I 11 1 1 I 11 1 1 I 11 1 1 I 11 11 I 11 11 I 11 11 I 11 11 I 11 11 I 11 1
20 30 40 50 60 70 80 90 100

LJE, (km/MeV)
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‘Byproduct: Testing How the Sun Shines with /s I

Fitting together Am?, 6 and normalization of v-producing reactions: f; = (I);DW

= Constraint on solar energy produced by nuclear

erobabity
Present limit on CNO:

L Q LENO < 2% (30)

i Q Test of Lum Constraint:
2N O\ Ll ‘Li;lfe”ed) — 1.04 £0.07
RO D
SN AN A

OO ODD

fpp f7Be fpep f13N f150 f”F fSB fhep
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‘Atmospheric Neutrinos I

Atmospheric v, , are produced by the interaction of cosmic rays (p, He ...) with the

atmosphere

+ S
Nyt NG,

N\,él- N\—,e

R“/e_
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‘Detection of Atmpospheric Neutrinos: SuperKamiokande I

Located in the Kamiokande mine in the center of Japan at ~ 1Km deep

50 Kton of water surounded by ~ 12000 photomultipliers

50,000 tan Water Cherenkov Delector

11,200 20" PMTs

aglectronics hut

31

FAT supporl .
AVET

coOnerele

yock—""
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o SKI+II+III+IV data:
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+ 1 T 4 & :

400_—=¢=ﬁ=ﬁ$$i%=g 400 B 3 400 - 3

300 = 300 fﬁ%ﬁiﬁ‘ﬁif 300 =

200 |- 3 200 q 200 F 3

100 4100 3100 F =

g Sub-GeV ()] | Sub-GeV ()] [ Multi-GeV PC () ,

0_|||||||||||||||||||_ 0_|||||||||||||||||||_ 0_|||||||||||||||||||_ ‘

-1 -05 0 0.5 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1 up-going

500_|||||||||||||||||||_750||||||||||||||||||| [TTI T[T rrr[rrrr[rrrr]

r 1 : 250__ ]

400 :_ _: 600 B C E 5 T TTTITT T TTTI T TTTTT T TTT T TTTT T T 17T 0.015
<+ - {200 F 3 . | m | m R
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300 450 — — = 3 L Gev \ 7 <
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100 = - 150 -1 50F 3 \xf C
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o SKI+II+III+IV data:

Ve in agreement with SM

500

400

300

200

100

0
500

400

300

200
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300
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o SKI+II+III+IV data:
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\Alternative Oscillation Mechanisms I

e Oscillations are due to:

— Misalignment between CC-int and propagation states: Mixing = Amplitude
4B
Am?

— Difference phases of propagation states = Wavelength. For Am?-OSC \ =
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‘Alternative Oscillation Mechanisms |

e Oscillations are due to:

— Misalignment between CC-int and propagation states: Mixing = Amplitude

: : A4l
— Difference phases of propagation states = Wavelength. For Am?-OSC \ = A2
m
e » masses are not the only mechanism for oscillations
C : o s
Violation of Equivalence Principle (VEP): Gasperini 88, Halprin,Leung 01 A\ = E|q§‘5
Non universal coupling of neutrinos y; # 72 to gravitational potential ¢ 7
Violation of Lorentz Invariance (VLI): Coleman, Glashow 97 \ = 2
2
Non universal asymptotic velocity of neutrinos ¢, # co = F; = ”21]; + cip EAc
Interactions with space-time torsion: Sabbata, Gasperini 81 \ = 2
Non universal couplings of neutrinos k1 # ko to torsion strength () QAk
Violation of Lorentz Invariance (VLI) Colladay, Kostelecky 97; Coleman, Glashow 99
2
due to CPT violating terms: ng/‘jﬁ ’yuug = F, = ?—; + b; \ — iz_ﬂ

Ab
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‘Alternative Mechanisms vs ATM 1’s |

e With early SK ATM’s

they could be rule out as dominant

e And soon after seve

! ! ! 1
1 09°
108
107¢
106F
105

04
141

1

0.9

0.6F

0.9F
08"
0.7°
06"
05F

0'4-1 -08 -06 -04 -02 0

0.8}

0.7¢

0.5_7
1r

[| —— Oscillations
[|-—-— VLICPT even
-—-— TORSION

SK multi-GeV (u)

1 1.2}

1 08f

1

cos 6

-1 -08 -06 -04 -02

cos 6

0

Bounds on nonstandard dynamics
T T T

55
50|
451
40|

35 n=-1.03+ 0.3
90 % C.L. (3 dof)

30

-2 =15 -1 =05 0
energy exponent n

Fogli, Lisi and Marrone hep-ph/0105139

At 90% CL.:

Different L/E dependence:
P,. = asin*(BLE")

n = —1 oscillations
n = 1 Viol Equiv. Principle

n = 1 Viol Lorentz invariance

Fit: n = —1.03 £ 0.31 90%CL

rly constrained (MCG-G, M. Maltoni PRD 04,07)

|Ac|
C
¢ Ay| < 5.9 x 1072°

QAk| < 4.8 x 1072 GeV
Ab| < 3.0 x 107%% GeV

<12x10%
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‘ v,, Disappearance in Accelerator v Fluxes I

T2K: MINOS, NOrvA
v, produced in Tokai (Japan) v, produced en Fermilab (Illinois)
detected in SK at ~ 250 Km detected in Minnesota at ~ 800 Km

L T T
) t e A
¥ o .I
! [ e
'J. X A
¥ o A
il

1ok 1 |

Soudan g

Duluth ® X ‘

Madison




K2K/T2K 2004~ NOvA: 2015-

-E v-beam NOVA Preliminary
p . — T T T T
2 af v-mode p-ring F 211 events +FD data
c r >20 [ (1156 expected w/0 05C)— o000 Best-fit
o f 318 events 7 1
1| 15 g 1-c syst. range
C (=] 5 ¥ Background
10F- -
E 15
5 T X
C e
JLLLLI 1]
°F
€ 14 g
S 12 A S 0.8k
2 o L] oo
S 06 2 04k
T 04 kel
R 3 L Tl
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Reconstructed Neutrino Energy [GeV] Reconstructed neutrino energy (GeV)
£ F v-beam NOVA Preliminary
-014:, _ ) — T T T T T
£ F v-mode H-ring o 105 events +-FD data
D12 (488 expected _ . b
€ . 1 37 events % /0 05¢) 2020 Best-fit
°>’ (2 8 1-c syst. range |
. o ¥ Background
g
(2]
c
e 3
2 o 4r

Ratio to unosc.
Ratio to no osc.
oooo

1
%9F *’I“-}‘hﬂ,*,ﬁﬁ?l’#]‘{# ST L) 0
0 02 04 06 08 1 12 14 16 18 ) 0 1 2 .3 4 5
Reconstructed Neutrino Energy [GeV] Reconstructed neutrino energy (GeV)

=.
>
o

v, oscillations with Am? ~ 2.5 x 107 eV* and mixing compatible with =
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Long Baseline Experiments: v, Appearance

e Observation of v, — v, transitions with E/L ~ 107? eV?

TYK NOvA

Vi — Ve Vi — Ve vbeam NOVA Preliminary < bean NOVA Preliminary
== n £ F = : PFTT T e T —_——————
: . 5 o -mode e-rin . C ! ]
= e-ring + e T s 3 ¢ LowPD  HighPiD - BT LowPD | HighPID ]
2 pion decay % 16 events S [ i | ] . i. 1
(0] C ! T ] ' . -
2 > | —2020bestt N g f f FD data 1 I Wrong sign bkg g
w 14 events|| 0 al ."/fsys“fa”gi | g % i 3 BT —o0bestit [ Totabeambig @ & ]
rong sign bikg ! [ : ‘ 5
- 80 - .Tolalbeambkgi 0 % N 1-csystrange§ [T cosmictkg ¢ g
B g | [ Cosmichkg o 8 10- 3 : l o
. I 5 o 133 events tota j
= o | - (
LT o [ 8 events total Tt ;
; g > N E ] 9T
§ 20%— § 20 9 | % 5__ N
; 15:— ; 15, 4‘ 5 L|>.| L
EPAr=T § LT : :
(),-4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 00 0.2 0.4 0.6 0.8 : 1 — 1.2
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV] 3 4
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e Test of P(v, — v.) vs P(v,, — U.) = Leptonic CP violation
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e Searches for 7, — 7/, disapperance at L ~ Km (E/L ~ 107 eV?)

e Relative measurement: near and far detectors
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Searches for v, — 1, disapperance at L ~ Km (E /L ~ 1072 eV?)

e Relative measurement: near and far detectors
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e Searches for i/, — 1/, disapperance at L ~ Km (F/L ~ 107? eV?)
e Relative measurement: near and far detectors
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e Searches for i/, — 1/, disapperance at L ~ Km (F/L ~ 107? eV?)
e Relative measurement: near and far detectors

Daya-Bay Reno

Far Detector
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Described with Am? ~ 2.5 x 10~%eV? (as v,, ATM and LBL acc but for v,) and 6 ~ 9°
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We have observed with high (or good) precision:

* Atmospheric v, & v,, disappear most likely to v, (SK,MINOS, ICECUBE am? _ 510-3
eV2

1
1
1
1

0
0
0
0

Data/Prediction (null oscillation)

Ratio to No 0sci||a§13

* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA) g ~ 45°
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA) 0 ~ 8°
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino) %\7722 ~ 10-5, 6 ~ 30°

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno) iTm; ~21077%,0 ~ 8°
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 8136i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —8136_7:(SCp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 IC;;T“ Am3, > 0 by convention
N ) AmZ,; > 0 for NO
= Amg, =
R . Am3, < 0 for IO
EI m; \4 ms
Experiment Dominant Dependence Important Dependence
Solar Experiments 012 Am%l , 013
Reactor LBL (KamLAND) Am3, 015 , 013
Reactor MBL (Daya Bay, Reno, D-Chooz) 613 Ams3,
Atmospheric Experiments (SK,IC) 053, Am%e, 013 ,0cp

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3, 0a3
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013, 023
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Status 9/2021: Global 3 v Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Maltoni, Schwetz, Zhou, MCG-G ArXiv:2007.14792

NO, 10 (w/o SK-atm)
====z=z NO, IO (with SK-atm)
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‘Status 9/2021: Global 3 » Flavour Parameters |

Global 6-parameter fit http://www.nu-fit.org e Best determined:
Este ' ou, MCG-G ArXiv:2007.14792 9 o
0129 9139Am213 ’Amgl’

[Am%l = Am3,; > 0 (NO)

NO, 10 (w/o SK-atm)

2 2
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‘Status 9/2021: Global 3 » Flavour Parameters |

Global 6-parameter fit http://www.nu-fit.org e Best determined:
Este : ou, MCG-G ArXiv:2007.14792 9 9
812, 913aAm21a ’Amgl’

[Am%l = Am3,; > 0 (NO)

NO, 10 (w/o SK-atm)
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‘Status 9/2021: Global 3 » Flavour Parameters |

Global 6-parameter fit http://www.nu-fit.org e Best determined:

Este ou, MCG-G ArXiv:2007.14792
[Am%l = Am3,; > 0 (NO)

NO, 10 (w/o SK-atm)
====== NO, IO (with SK-atm)
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Status 9/2021: Global 3 » Flavour Parameters

Status 9/2021: Global 3 v Flavour Parameters |

Global 6-parameter fit http://www.nu-fit.org

Este“ou, MCG-G ArXiv:2007.14792

NO, 10 (w/o SK-atm)
NO, 10 (with SK-atm)

NUFIT 5.0 (2020) |
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e Best determined:

2 2
812, 913aAm21a ’Amgl’
[Am%l = Am3,; > 0 (NO)

e Pending issues:

*x Mass Ordering

2 _
AXQNO—IO,W/O SK—atm
AXNO—IO,With SK—atm — (-1

x CPV: CPC better

NO: b.f dcp = 195° CPC at 0.60
I0: b.f 0cp = 286° CPC at 30

0-3: Maximality/Octant
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
|Ul|se = [ 0.233 — 0.507 0.461 — 0.694 0.639 — 0.778
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
U |35 = (O.233 — 0.507 0.461 — 0.694 0.639 — 0.778)
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761

e Good progress but still precision very far from:

0.97427 +0.00015  0.22534 + 0.0065  (3.51 £ 0.15) x 107>
Viekm = | 0.225240.00065 0.97344 +0.00016  (41.2F11) x 1073
(8.671037) x 1073 (40.4133) x 1073 0.99914619-000021
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.801 — 0.844 0.513 — 0.579 0.143 — 0.156
U |35 = (0.233 — 0.507 0.461 — 0.694 0.639 — 0.778)
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761

e Good progress but still precision very far from:

0.97427 +0.00015  0.22534 + 0.0065  (3.51 £ 0.15) x 107>
Viekm = | 0.225240.00065 0.97344 +0.00016  (41.2F11) x 1073
(8.671037) x 1073 (40.4133) x 1073 0.99914619-000021

e Also very different flavour mixing of leptons vs quarks
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

e Leptonic(P = P, _,,, # Py, 5,
e In 3v always

P, vy — Py, p, < J with J= Im(UalUSQUggUgl) = JLEp.cp Sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

e Leptonic(P = P, _,,, # Py, 5,
e In 3v always

Py — Poynpy < J with  J =1Im(Un1U;,Ug2Uj ) = JIED cp sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601

e Maximum Allowed Leptonic CPV:

NO, 1O | NuFIT 5.0 (2020)
o JinEfj‘g’CP:(S.29iO.07)><10_2

to compare with

15

Joxm,cp = (3.04 +0.21) x 107°

~
Q
[TTTTTTITT]

=
5F = Leptonic CPV may be largest CPV
: in New Minimal SM
865 oo —oosd 5038 o
JTE_ o o o e &2 g if sin dcp not too small

CP — Y12 ¥12 ¥23 Y23 Y13 Y13
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‘Near Future for CP and Ordering: Strategies I

e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
P~ 333 sin? 2645 ( 231

2
As iV) sin® (S2575)

+8 Jop ™ A‘}Q Agﬁ?’iv sin (VQL) sin (—A?’l;tVL) COS (A?’l + 5Cp)

Jop™ = c%,513C23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, F,, reconstruction
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— Challenge: ATM flux contains both v, and v, ATM flux uncertainties
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‘Near Future for CP and Ordering: Strategies I

e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
P~ 333 sin? 2645 ( 231

2
As iV) sin® (S2575)

+8 Jop™ A‘}Q A?EV sin (VQL) sin (#) COS (A?’l + 50P)

_ 2
Jop™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, f~,, reconstruction

e Farth matter effects in large statistics ATM v, disapp : HK,INO, PINGU,ORCA ...
— Challenge: ATM flux contains both v, and v, ATM flux uncertainties

e Reactor experiment at [, ~ 60 km (vacuum) able to observe
the difference between oscillations with Am3, and Am3,: JUNO, RENO-50

. . Am2 L . . AmQ L ) AmQ L
P,, v. = 1—ci3sin® 2015 sin” ( 42,1 )—sm2 2013 [(332 sin” ( 4;1 ) + 512 sin’ ( 4;2 )]

— Challenge: Energy resolution



Neutrinos Concha Gonzalez-Garcia

‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There i1s NP
e Oscillations DO NOT determine the lightest mass

Only model independent probe of m, 5 decay: > m?|U.;|” < (1.1 eV)? Katrin 2019
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP and Ordering: “Hints” but not confirmation

Definite answer may require new oscillation experiments
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e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP and Ordering: “Hints” but not confirmation
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e What about a UV complete model?: It will need a positive signal in colliders
e Neutrinos in Cosmology? e Astrophysics/Astronomy with Neutrinos?
v masses are BSM physics effects to be put together with all other NP effects:
from charged LFV, Collider signals, Cosmo-astroparticle. . . to establish
the Next Standard Model
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There i1s NP
e Oscillations DO NOT determine the lightest mass

Only model independent probe of m, 5 decay: > m?|U.;|” < (1.1 eV)? Katrin 2019
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay
e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP and Ordering: “Hints” but not confirmation

Definite answer may require new oscillation experiments
e Only three light states? Old anomalies supporting light sterile neutrinos but tensions

with new experiments and cosmology
e Other NP at play in oscillations Interesting effects of NP with light mediators
e What about a UV complete model?: It will need a positive signal in colliders
e Neutrinos in Cosmology? e Astrophysics/Astronomy with Neutrinos?

v masses are BSM physics effects to be put together with all other NP effects:

from charged LFV, Collider signals, Cosmo-astroparticle. . . to establish
the Next Standard Model
Young people with fresh new ideas needed!!!
AND HERE YOU ARE!!



