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‘ Summary I I

— Accidental global symmetry: B X Lo X L, X Ly <+ m, =0

e In the SM:;

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = ¢

— conserving total lepton number — Dirac v: v # v©
— Lepton Mixing= breaking of L. x L, X L~
e From direct searches of v-mass: m, < O(eV)
Question: How to search for m, < O(eV)?

Answer: Neutrino Oscillations
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INTRO TO PHENOMENOLOGY WITH MASSIVE
NEUTRINOS: LECTURES II-I11

Concha Gonzalez-Garcia
(ICREA-University of Barcelona & YITP-Stony Brook )

OUTLINE

e Neutrino Flavour Oscillations in Vacuum
e Propagation in Matter: Effective Potentials
e Flavour Transitions in Matter: MSW

e Global 3v picture
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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): v, 15 and vs ...

¢ In general interaction eigenstates # propagation eigenstates

Flavour not conserved 1n propagation

V1
Ve s | la lb
i e _—
U, V3 Va Long Journey Vg,

Source Detector



Massive Neutrinos Concha Gonzalez-Garcia

‘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 ...

¢ In general interaction eigenstates # propagation eigenstates

Flavour not conserved 1n propagation

V1
Ve s | la lb
i e _—
U, V3 Va Long Journey Vg,

Source Detector

e The probability I, of producing neutrino with flavour « and detecting with
flavour (8 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;))

Va)= Z i Vi)

U 1is the leptonic mixing matrix.
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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;))

Va)= Z i Vi)

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;))

Va)= Z i Vi)

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) —!ZZ 8iUps (vslvi(6) ]

71=1 =1
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

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

e Under the approximations:

(]-) ‘7/> is aplane wave = ‘Vz(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;

Pap = 6ap — 4 ) Re[UaiUj;Us;Us;lsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

1<J 1<J

with Aij = (Ez — Ej)t
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

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

e Under the approximations:

(]-) ‘7/> is aplane wave = ‘Vz(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;
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‘Mass Induced Flavour Oscillations in Vacuum |

e The probability

n n

Pas = [(wplva(O) =) D UsiUs;(vslva()?

71=1 =1

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

e Under the approximations:

(1) ‘V> is aplane wave = ‘z/z(t» — e —1 Bt

v;(0)) and using (v;|v;) = d;;

Pap = 6ap — 4 ) Re[UaiUj;Us;Us;lsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< i<j
with Aij = (Ez — Ej)t
(2) relativistic v

2
m:
EZ.:\/Z 2 oy, 4 U
P m it o
(3) Lowest order inmass p; >~ p; =p ~ E
2 2 2 2
Azg _ (mz o g)L _ 1 27777,2 _m] L/E

5 AE ‘ eVZ  Km/GeV
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pog = 80p — 4ZRe[UMU5,L-UajUBj]sm2 ( 23> + 2ZIm[UaiUﬁanjUﬁj]sm (Aij)
1<J 1<J
Ay (BEi—Ej)L 1 27(m?_m?) L/E
2 2 - eV:Z Km/GeV
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ug;lsin® ( 23> +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<
Ay (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV>  Km/GeV
- * * . 2 AZJ — *
— The first term 6,3 — 4ZRe[Ua7;U5anjU5j]81n = equal forv (U — U”)
i<j

— conserves CP
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ug;lsin® ( 23> +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<
Ay (Bi—Ej)L _ 1 27(m?_m?) L/E
2 2 - eV>  Km/GeV
- * * . 2 AZJ — *
— The first term 6,3 — 4ZRe[Ua7;U5anjU5j]81n = equal forv (U — U”)
i<j

— conserves CP

— The last piece 2 ZIm[UmUEiU;j Ugjlsin (A;;) opposite sign for 7

< j .
= — violates CP
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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pog =00 —4 ) Re[U,;ULU*.Ug;|sin®
B B B jY B3

Ay B .
23 ) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

1<J 1<J
_ (Bi—Ej)L _ (mi—m3) L/E
2 2 = 1.27 eV: Km/GeV
; .o (A _ .
— The first term 0,5 — 4ZRe UmUBZU Upg,lsin > equal forv (U — U™)
1<J

— conserves CP

— The last piece 2 ZIm[UmUEiU;j Ugjlsin (A;;) opposite sign for 7

. — violates CP

~Ifa= 8= mUyU:U Uy = Im[|U%?|Ua;s 2] =

at~ aj

= CP violation observable only for 5 # «



Massive Neutrinos Concha Gonzalez-Garcia

‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ugjlsin® (TJ) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<j
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * -2 AZ] — *
— The first term 6,3 —4ZRC[UaiUBanjU5j]SIH = equal forv (U — U™)
i<j

— conserves CP

— The last piece 2 ZIm[Um—UEiU;ﬁj Ugs;lsin (A;;) opposite sign for v

<j .
Y — 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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‘Mass Induced Flavour Oscillations in Vacuum |

e The oscillation probability:

Pap = 6ap —4) Re[UaiUs;Us;Ugjlsin® (%) +2) Im[Ua:Us;Ux;Ugjlsin (Aij)

i< j i<j
Ay _ (BB)L _ 4 27(m?—m?) L/E
2 2 - eV?  Km/GeV
- * * -2 AZ] — *
— The first term 6,3 —4ZRC[UaiUBanjU5j]SIH = equal forv (U — U™)
i<j

— conserves CP

— The last piece 2 ZIm[Um—UEiU;ﬁj Ugs;lsin (A;;) opposite sign for v

<j .
Y — 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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‘Mass Induced 2-~ Oscillations |

0 in 0
e When oscillations between 2-v dominate: U = ( o8 > )

—sinf cos0

. 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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‘Mass Induced 2-~ Oscillations |

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

—sinf cos0

. 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)

e P, is symmetric independently under Am? — —Am?* or 0 — 5 — 0
= No information on ordering (= signAm?) nor octant of ¢
e [/ 1s real = no CP violation

This only happens for 2 vacuum oscillations
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‘Mass Induced Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates
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‘Mass Induced Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)

O(z) = Cu(2)|va) + Pp(x)|vs) = Pr(2)|11) + Pa(2)[r2)
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‘Mass Induced Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(2) = o (2)|Va) + Pp(2)[vp) = P1(x)[v1) + Pafz)|r2)
e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]
E(I)l = _—z'ozx(% + ﬁml]q)l
E(I)Q = —?:Oéx% -+ Bmg}q)g
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‘Mass Induced Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(z) = o () [va) + Pp(x)[vp) = Pr(2)[v1) + Po()|r2)

e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]

E(I)lz —iozxé% —|—/3m1]<131
E(I)QZ —?:Oéx% —I-Bmg}q)g
e We decompose ®;(x) = v;(z)¢; ¢; is the Dirac spinor part satisfying:

(aw{ B2 = m2}'? + Bmy) 6 = Egs (1)

e ¢; have the form of free spinor solutions with energy F
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‘Mass Induced Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v,,) and |vg) or equivalently of |v;) and |v5)
O(z) = o () [va) + Pp(x)[vp) = Pr(2)[v1) + Po()|r2)

e Evolution of @ is given by the Dirac Equations [8 = 7o , @z = 707y (assuming 1 dim)]

E(I)lz —iozxé% —|—/3m1]<I>1
E(I)QZ —?:Oéx% —I-Bmg}q)g
e We decompose ®;(x) = v;(z)¢; ¢; is the Dirac spinor part satisfying:

(au{ B2 = m2}' " 4 Bm) o = Bor (1)
e ¢; have the form of free spinor solutions with energy F

e Using (1) in Dirac Eq. we can factorize ¢; and o, and get:

(91/1 \/E2 B m1 i (z

aVQ \/E2 m3 v
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2
e In the relativistic limit \/E? — m? ~ E =

2
_m; 0
) 1241 oK Vi
_ — f— f— E_
"oa (Vz) 0 B (V2) [

Concha Gonzalez-Garcia
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e In the relativistic limit /B2 — m? =~ B — 1

Concha Gonzalez-Garcia

mi am?
()= (0 ) () fE (CF )
V2 0 2 12 0 i

e In weak (= flavour) basis v, = U,;(0)v;

Am
o 4B Aﬁ;ﬁ sin 26

Aﬁ;ﬁ sin 20) ( a)
A[El cos 26 Vg
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Massive Neutrinos

e In the relativistic limit \/E? — m? ~ E s
m% Am?
R )b CF 0

e In weak (= flavour) basis v, = U,;(0)v;

5 ( Va 22 — AZL”E’LZ cos 20 ALL”EZ sin 20 Ve,
= [E — = 1 - Am? y
B

_ 0 :
ox Am~ -
W sin 26 f— COS 20

e An overall phase: v, — € v, and Vg — eimyﬁ is unobservable

: : 0 :
= pieces proportional to [ = (O ) do not affect evolution:
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Massive Neutrinos

e In the relativistic limit \/E? — m? ~ E s
m% Am?
9 (V1) _ — 35E 0 2N > m2+m2 (" aE 0 1
oz |y, ) T 0 E—m2 v ) |7 T T 0 Am? s
2F 4E
e In weak (= flavour) basis v, = U,;(0)v;
Am? Am
_ig(ya>_{E_M]I_< 4E 4E ><a>
) = iE A A
C A\ Vs 477]_% 477]_% Vs

e An overall phase: v, — € v, and Vg — eimyﬁ is unobservable

: : 0 :
= pieces proportional to [ = (O ) do not affect evolution:

Am

o [ Vo Aﬁé cos 260 15 Ve,
= _Z% - Am 29 Am? 1
=g Sin 1E B
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e Evolution Eq. for flavour eigenstates:

(Da>:< A{g cos 26 A4E >< a)
vg Aﬂé sin 20 Aﬁé cos 20 Vg




Massive Neutrinos Concha Gonzalez-Garcia

e Evolution Eq. for flavour eigenstates:

(Da>:< A{g cos 20 A4E )( a)
Vg Aﬁ; sin 26 Aﬁ; cos 20 Vg

Can be rewritten as

v, + wiv, =0 Am?
“ “ with w=—-"

U5—|—w2V5:0 1k
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e Evolution Eq. for flavour eigenstates:

Am? 0590

Am® 2 qin 260

()=

Can be rewritten as

Uy + w

Vg + w?vg =0

e The solutions are:

Vo =0

Am
AE o
Aﬁé (30529> (Vﬁ)

Am?

ith =
wi W o

Ale —1WwT 4 Age +i1wx
Ble — 7 Wx 4 Bge 42 wx

with the condition |v, (z)|* + |vg(z)]? =1

Concha Gonzalez-Garcia
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e Evolution Eq. for flavour eigenstates:

(Da>:< A{'El cos 20 A4E )( a)
Vg Aﬁé sin 26 Aﬁé cos 20 Vg

Can be rewritten as

Vo + w?v, =0 h B Am?
wi W = o

Vg + w?vg =0
e The solutions are:
vo(z) = A, € T o4, € e
vg(x) = B € T L B, TR
with the condition |v, (z)|* + |vg(z)]? =1

Ay =sin?0 A, = cos? 0

e For initial conditions: v,,(0) = 1 and v3(0) = 0 =
Bi1 = —Bs =sinfcosf
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e Evolution Eq. for flavour eigenstates:

Am? 0590

Am® 2 qin 260

()=

Can be rewritten as

Vo + w2, =0

Vg + w?vg =0

e The solutions are:

Am
AE o
Aﬁé (30529> (Vﬁ)
Am?
ith —
wi W o

Ale —1WwT 4 Age +i1wx
Ble — 7 Wx 4 Bge 42 wx

with the condition |v, (z)|* + |vg(z)]? =1

e For initial conditions: v,(0) = 1 and v3(0) = 0 :>{

e And the flavour transition probability

Pozp = |vg(L)|? = B + B + 2B B, cos(2wL) = sin®(20) sin” ( 5

Concha Gonzalez-Garcia

Ay =sin?0 A, = cos? 0
By = —Bs =sinf cosf

Am2L>
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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

VO(SOUI’CG

Vv d
a

etector

V. detector
ST

<—LI—> q)al

-

Compares @, and @,

L

)

all

>

to look for loss
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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
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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 \)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

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, source Vg detector
_ 1. _ _ Searches for
— " gdiffa
—L= % Pa 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_(l)
4  E/Am? ~ o
- : \/ ’ g

' ' ™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®2¢

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®2¢

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

Ey)Pos(Ey)

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,5)= [ dE, dqu) occ(Ey)Pas(E))

VAN

2
D-‘I’

1 —(sin®28) /2 v W

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& (Pha) ~ 1
“Am?> E/L = (sin? (Am2L/AE)) ~ L — (Pog) ~ 30290 < 1 g (p ) >
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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 \ =



Massive Neutginas

Alternative Oscillation Mechanisms

Caoncha Gonzalez-Garcia

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 PI'lHClple (VEP): Gasperini 88, Halprin,Leung 01 A\ = E|q§‘5
Non universal coupling of neutrinos 1 # 72 to gravitational potential ¢ 7
Violation of Lorentz Invariance (VLI): Coleman, Glashow 97 \ = 2
2
Non universal asymptotic velocity of neutrinos ¢y # 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 Yy Vg = F;, = % + b; \ — iz_ﬂ

Ab
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To allow observation of neutrino oscillations:

Concha Gonzalez-Garcia

— Nature has to be good: mixing angles (= amplitudes) must be not too small
— Need the right set up (=right L and F) to be sensitive to the phase

Cosmological v

Solarv

Terrestrial anti-v

Supernova burst (1987A)

Reactor anti-v

Background from old supernova

VERY LOW Atmospheric v
- Energy Neutrinos
- Non-relativistic? v from AGN
. — Low Energy
VAm3, Ami|  Neutrinos GZKv
10* 102 1 10° 108 10° 102 1015 10'8

pueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy

Source  E (GeV) L (Km) Am? (eV?)
Solar 10—3 107 1010
Atmos  0.1-102 10-103 10~1-10—4
Reactor 103 SBL: 0.1-1 1072-10—3
LBL: 10-102 10~4-10—°
Accel 10 SBL: 0.1 2 0.01
LBL: 102-10% 10~2-103
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‘Alternative Mechanisms vs ATM 1’s |

Different L/E dependence:

Bounds on nonstandard dynamics
T T T

P,, = asin®(BLE™)
55}
n = —1 oscillations

S0¢ ] n = 1 Viol Equiv. Principle

o Wlth Carly SK ATM’S 4510 i n = 1 Viol Lorentz invariance

Fit: n = —1.03 £ 0.31 90%CL

they could be rule out as dominant ~ *|
35 n=-103+0.3]
90 % C.L. (3 dof)

30

-2 -15 -1 =05 0
energy exponent n
Fogli, Lisi and Marrone hep-ph/0105139

e And soon after severely constrained (MCG-G, M. Maltoni PRD 04,07)

1; — Oscillations E 17
09— - TORSION. | 097 E A

r 1 08¢ -
- A <12x10"%
07¢ 106k ¥ 3 C
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Massive Neutrinos Concha Gonzalez-Garcia

e We have observed with high (or good) precision:

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

* Accel. v, & v, 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)

* 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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ave observed with high (or good) precision:

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

* Accel. v, & v, 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)

e Confirmed: Oscillation L/E pattern: 2 frequencies and 3 distinct amplitudes
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= 14 = 9 T determined by KamLAND 2o
& = r 2 C 2 B
s - S o g °% 8 o
= i 2 - ; ) o C 2 F
CC) 0-8,‘ % i i 0.6 + § 4 —+— Farsite data
8 r + : F < r w > == Weighted near site data (best fit)
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O
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M‘] 3 Oscillations: Standard Parametrization rG

e For 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 813€iécp co1 S12 0 e 0 0
ULgp = | 0 c23 so3 0 1 0 —S12 c12 O 0 €20
0 —s93 €23 —Slge_iécp 0 C13 0O 01 0 0 1

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

NORMAL INVERTED

ms; A mo
1

>0

2

Am?2, > 0 by convention
Am3, > 0 for NO
Am3, < 0 for I0

3
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M‘] 3 Oscillations: Standard Parametrization rG

e For 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 8136i(scp
ULEP — 0 C23 S23 0 1 0
0 —s23 c23 —s13€ " %p () C13

c21 s12 0O

—s12 c12 O
0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings
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e Well described by vacuum oscillations:

Experiment

>0

2

Am?2, > 0 by convention
Am3, > 0 for NO
Am3, < 0 for I0

Am

2 _
Am% —

Reactor LBL (KamLAND)
Reactor MBL (Daya Bay, Reno, D-Chooz)

Atmospheric Experiments
Acc LBL v,, Disapp (Minos, T2K,NOvA)

2
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Massive Neutrinos Concha Gonzalez-Garcia

o i, disapp at KamLAND (am2,| > E/L):  Po. = i3 [1 — sin® 2615 sin? (AZ’—%L)} + s%a
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e i/, disapp at KamLAND (am2,| > E/L): P.e = 013 [1 — gin? 2645 sin (A?—%L)} + 3‘113

2
e i/, disapp at MBL React (Daya-Bay, Reno, D-Chooz): P.~1-— sin? 2013 sin? ame L

leAmgl NO

c2,Am2, 10 Nunokawa,Parke,Zukanovich (2005)

2 _
Amg, = iy Am3; + sTyAmg, ~ Amg +
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e i/, disapp at KamLAND (am2,| > E/L): P.e = 013 [1 — gin? 2645 sin (A?—%L)} + 3‘113

2
e i/, disapp at MBL React (Daya-Bay, Reno, D-Chooz): P.~1-— sin? 2013 sin? ame L

leAmgl NO

c2,Am2, 10 Nunokawa,Parke,Zukanovich (2005)

2 _
Amg, = iy Am3; + sTyAmg, ~ Amg +

>y . . ~ 2 2 Am:uﬂ
e v, and v, disappearance at LBL.: P, ~1—sin"20,,, sin® —£*—
.2 2 a2
sin“ 0, = c{3sin” a3
Amfm = 525 Am3, + ¢y Am3, + cosdcp $13 sin 2012ta3Am3,
- leAm21 NO
~ Am3, teAms 10 Too
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7/ 1 2 . AmglL 4
o i, disapp at KamLAND (Am2,| > B/L):  P.. = c¢i; |1 —sin® 20,5 sin* &= )| + 513

2
e i/, disapp at MBL React (Daya-Bay, Reno, D-Chooz): P,.,~1-— sin’ 2013 sin’ %

s, Am2, NO
AmQ = C Am -+ S Am ~ Am -+ %2 2! Nunokawa,Parke,Zukanovich (2005)
ce = C12AM3] + S15AM3, 31 T2, Am2, 10

e v, and v, disappearance at LBL.: [y 22 1 = sin? 2 sin? AZL%
sin®,,, = c?;sin” fa3
Amfm — 512 Am31 + 0%2 Am32 + coS Ocp S13 Sin 2912t23Am21
~ Amd AT
[ Precise determination of Am3, and |[Am3,| and 613
Ny No determination of octant of 65 nor of 653

Potential sensitivity to ordering

Very subdominant sensitivity to dcp



Massive Neutrinos

e v, and v, appearance (v, — v, and v, — V) at LBL.:

2 2 .2 (Am3 L
Pe(ne)y =2 s338In” 2013 sin (T

: : : Am?2, L
+c13 sin? 26015 sin? 2013 sin® 203 cos <:|:5 — 2l

4F

) (

Concha Gonzalez-Garcia

Am%lL) <in (Am%lL
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Massive Neutrinos

e v, and v, appearance (v, — v, and v, — V) at LBL.:

P,ue(,aé) ~ 833 SiIl2 2013 sin2 (ATZ—I%L)
—+C13 Sil’l2 2@12 Siﬂ2 2913 sin2 2923 COS <:|:5 — AZL%) (
Exactly the CPV piece:
P,ue — P(ﬁé) = 13 Sll’l 2912 sin 2913 sm 2823 sin 0

o (2282 s (2552) .

. it cancels if any mixing angle is zero
= Genuinely 3 v effect:

it cancels if any Am is zero

Concha Gonzalez-Garcia

Am%lL

4F

AmglL
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e v, and v, appearance (v, — v, and v, — V) at LBL.:

: : Am3, L
Pie(ney = 533 sin? 20,3 sin® ( Tgl )
2 2 2
+c13 sin? 26015 sin? 2013 sin® 203 cos <:|:5 — AZLEL) (%) sin (AZLEL
Exactly the CPV piece:

P,ue — P(ﬁé) = 5C13 Sll’l 2912 sin 2913 sm 2823 sin 0

i (255) o (355 o (2522

it cancels if any mixing angle is zero

= Genuinely 3 v effect:
it cancels if any Am is zero

= In 3v oscillations CPV in any channel v, — v3+, always proportional to

1
Im [U . U” J#UBZ Uﬁj;,gz] =3 13 sin? 2615 sin® 2013 sin? 2055 sin &

This 1s the Jarlskog invariant
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‘A puzzle: Solar Neutrinos I

SuperK, SNO
i 1 ’ iy
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Neutrino Energy (MeV)

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

e Deficit is energy dependent
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‘A puzzle: Solar Neutrinos I
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Neutrino Energy [MeV]
e Experiments measuring v, observe a deficit
e Deficit disappears in NC = Solar Model Independent Effect

e Deficit is energy dependent = P,.. ~ 30% (< 0.5)!!! for £, > 8 MeV

But Am%lLsun_Earth [E, ~ 10° = averaged oscillations

How is it possible to have (P..) < % in averaged oscillation regime???



