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e Minimal Extensions to give Mass to the Neutrino:

x Introducerr AND iImposeL conservation=- Dirac v:
L=Lgp — M, Vrvy + h.c.

x NOT ImposeL conservation= Majoranav
L=Lgp — %MVVEVL + h.c.
e Charged current and mass fbcharged leptong; and/V neutrinos; in weak basis
3

3 N
1 1%
Lootbm = _% PR EZR A KEMM%V,J'_(§> d " i M, vl +h.
1=1

e Changing to mass basis by rotations

i,j=1 t,7=1

W _ /¢ . W __ y/¢ . W _ yv,,.
by = VL@'jfL,J bR, = VRingJ vy = Vv

VfTMgVé = diag(me, m,, m;) VYIMIM, VY = diag(m2,m3, m2,...,m%)

V{ = Unitary 3 x 3 matrices V¥= Unitary N x N matrix.
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e The charged current in the mass basis Concha Gonzalez-Garcia

g 00~
Loc = _ﬁgl; “ UL V) W

TR
Urgp =3 x N matrix U7, = ZPﬁVfT e

e P/ phase absorved iR
Y. phase absorved in (only possible ifv; is Dirac)
o UrpplU .n=Is,5 butingeneral U/ . ULep#Inxy

e For exampldor 3 Diracv’s : 3 Mixing anglest 1 Dirac Phase

X

1 0 0 C13 0 S13€ C21 S12 0
Urp =10 Cc23 S23 0 1 0 —s12  c12 0
0 —S8923 C23 —813€_i5 0 C13 0 0 1

e For 3 Majorana’’s : 3 Mixing anglest 1 Dirac Phase 2 Majorana Phases

1 0 0 C13 0 813631.(S C21 S12 0 1 0 0
Uegp = | 0 Cc23 5923 0 1 0 —S12 c12 O 0 e'92 0

0 —s93 co93/\—s13e ¥ 0 13 0 o 1 /\o o0 etP3
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\The New Minimal Standard Model |

e Neutrino are massive and can have kinematic effects (Nditasd lectures)

e Also if neutrinos have a mass the charged current intenastod leptons are not
diagonal (same as quarks)

ﬁwj > (UPgp A" Lv? + Ugyp, UiA* LDY) + hec.
iJ

g g

e SM gauge invariancgoes not imphU (1), x U(1)r, x U(1)r, symmetry
e Total lepton numbet/ (1), = U(1)re+1, 41, canbe orcannot bestill a
symmetry depending on whether neutrinos @nmec or Majorana
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e To fully determine the lepton flavour sector we want to know:

* How many, /V, neutral states; and their masses;

1 for N =2

* Their mixing: # angles= w =< 3for N =3

6 for N =4

* Their natureand CP properties:

0 for N =2
Dirac: ¢ # v # phases= W—HWV=2) — 8 g0 N = 3
3for N =4
_ o 1 for N =2
Majorana: v~ = v 4 extra phasess (N —1) =< 2for N = 3

el UDIr x e~ 3for N =4

aj



Restes de la
Supernova 1987A

sources ofv's

E, =0.0004 eV

dEarth — 6 x 101% /cmPs Atmospheric/’s

E, ~ 0.1-20 MeV Ve, Vs Ve, Ty
Human Body d, ~ lv/cmPs .

®,, = 340 x 10%v/day —"'/

Nuclear Reactors
E, ~ few MeV

Earth’s radioactivity Accelerators
®, ~ 6 x 10%/cm?s E, ~0.3-30 GeV KEK
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e How many interact™ a human body:
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e Due to SM Weak Interactions

b,
GeV

e Let’s consider for example atmospheric?

P~ 10 38cm?

M — 1y percm? persecond and  (E,) =1 GeV

e How many interact™ a human body:

' L vp human human
Ning = @, X 07" X Nprot X Tiife (M x T = Exposure)

Nhuman _ MR A Q0ke 5 Na ~ 5 x 1028prot E
protons — gr A — g X A~ X protons XPOSUr€human
Thuman — 80 years = 2 x 107 sec ~ Ton X year

Nine = (5 x 10%®) (2 x 10?) x 107%® ~ 1 interaction per lifetime

—> Needhugedetectors wittExposure~ KTon x year
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\Effects of v Mass: Flavour Transitions |

e Flavour & Interaction) basigproduction and detectiony,, v, andv,

e Mass basigfree propagation in space-time);, v> andvs . ..

¢ In generalnteraction eigenstates propagation eigenstates

1741 V
e
V2 _
ULgp =1 v,
V3 »
-

= Flavour is not conserved during propagation
= v can be detected with different (or same) flavour than produce

e The probability”, s of producing neutrino with flavout: and detecting with
flavour 3 has to depend on:

— Misalignmentbetween interaction and propagation states/)
— Differencebetween propagatiosigenvalues
— Propagation distance
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\Vacuum Mass Oscillationsl

e If neutrinos have mass, a weak eigenstate) produced in, + N —v, + N’

IS a linear combination of the mass eigenstates X

Vo )= ZUOHJ v;)
=1

U Is the unitary mixing matrix.

e After a distancel. (or time¢?) it evolves

v (t)= ZUM:\V@'(??D

e it can be detected with flavoutr with probability

Pog = [(va(t)[va(0))|* = | ) Uailgi(vi(t)|i(0))?

p=ll
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\Vacuum Oscillations |

Pog = [(va(t)[va(0))|* = | ) _ Uailg{(vi(t)[i(0))?

p=1l

e The probability

e We call £; the neutrino energy ana; the neutrino mass

e Under the approximations:

(1) |v) is aplane waves |v; (1)) = € ~* "

vi(0))

- A’L S e .
Pap =g —4 Y ReUAUpiUa;Uj;lsin® (73) +2) IM[UZ,UpiUa;Ug,lsin (Aij)
JF#1 JF#1

(2) relativisticv

m2

EiZ\/p?+m?2pz+2Ef_

(3) Lowest orderinmasg; ~ p; =p ~ E

2 _ 2
iy - 127m2 mj _L/E
) eVZ  Km/GeV
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e The oscillation probability:

- * * . A’L * * .
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e The oscillation probability:

- * * . A’L * * .
Pog = bap — 4ZRe[UaiUmUajUﬁj]sm2 (f) 42 Z|m[UmUmUajUﬁj]sm (Aij)
JFi JFi
2 2 - eV Km/GeV

. - A,
— The first termr 0,5 — 4ZRe[U;iU5anjUgj]sin2 (7=7> equal forv (U — U™)

J7 —, conserve<P
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\Vacuum Oscillations |

e The oscillation probability:

- * * . A’L * * .
Pog = bap — 4ZRe[UmUmUajUﬁj]sm2 (73) 42 ZIm[UMUmUajUBj]SHn (Aij)
JFi JFi
2 2 - eV Km/GeV

. - A,
— The first termr 0,5 — 4ZRe[U;iU5anjUgj]sin2 (7=7> equal forv (U — U™)

J7 —, conserve<P

— The last piect 2 ZIm[U;iUmUajUgj]sin (A;;) opposite sign for

i — violatesCP
e °, 5 depends on Theoretical Parameters and on EwpperimentaParameters:
e Am;; =m7 —m; The mass differences e £ The neutrino energy
o U,; The mixing angles e [, Distancer source to detector

(and Dirac phases)

o NO information on mass scale nor Majorana phases
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cos 6 sin 0 )

—sinf® cos0

o For2v: U = (

1=Pes \/

< \=m E/(1.27 Amﬁ%

P..= sin2(20) sin? (AZ”;L> Appear

P.o=1—P, Disappear \/\
ose sin?2

L (distance)
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e A state mixture of 2 neutrino species) and|vy ) or equivalently of»;) and|vs)
O(z) = Oc(z)|1ve) + Px(2)|vx) = Pa(2)[11) + Pa(z)|12)

e Evolution of @ is given by the Dirac Equation® = o , az = Yoy, (@assuming 1 dinj)

Ed, = |

E oy =

o We decompos@®; (z) = v;(x)o;

—7:04335% -+ ﬁml]CI)l

—i&x(% + 57712} g

¢, 1s the Dirac spinor part satisfying:

(Oéa;{EQ — m?}l/Q -+ 577%) v =Eop; (1)

e ¢, have the form of free spinor solutions with enetgy
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‘ Equations of Motion for Weak Eigenstatesl

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

e A state mixture of 2 neutrino species) and|vy ) or equivalently of»;) and|vs)
O(z) = Oc(z)|1ve) + Px(2)|vx) = Pa(2)[11) + Pa(z)|12)

e Evolution of @ is given by the Dirac Equation® = o , az = Yoy, (@assuming 1 dinj)

E(I)lz —iozm(% —I—ﬁml]cbl
E(I)QZ —i&x% —|—ﬁm2}<l>2
e \We decompos@®; () = v;(x) ¢, ¢; 1s the Dirac spinor part satisfying:

(Oéa;{EQ - m?}1/2 + 577%) ¢oi=FEo; (1)
e ¢, have the form of free spinor solutions with enetgy

e Using (1) in Dirac Eg. we can factorize anda, and get:

.5V1(a}) . 2 2 1/2
—i— —{E —ml} vi(x)

.3V2(x) o 2 2 1/2
—i— —{E —mQ} va(x)
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« In the relativistic limity/ B2 — m? ~ E - —

2
_m
oz Vs 0 E—m3 Vi
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e In the relativistic Ilmlt\/E2

(“)— o e ) ()
—1a: = 2
o\ v 0 il Vo

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

> (Va > |:E m%—}—mg} I ( A4¢g cos 26 AA{E sin 26 > ( oY >
— = — — 1 2 —
Ox 2B Am’oin2g  Amlong20 Vg

4FE AF
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e In the relativistic Ilmlt\/E2
m2
”(’“)— 07 e ) ()
—l5a == 2
o\ v 0 il Vo

e In weak & flavour) basis/, = U,;(0)v;
Aéfg sin 2(9) ( a)
Am’ 1590 Vg

Am

0 [ Pe) E—MU— 4E

ox o 2F Am?
AE

4F
e An overall phaser,, — €""v5 andvs — €71, is unobservable
6] 6] ¢

. . 1 0 .
= pieces proportional to — (0 1) do not affect evolution:
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e In the relativistic Ilmlt\/E2
m2
”(’“)— 07 e ) ()
—l5a == 2
o\ v 0 il Vo

e In weak & flavour) basis/, = U,;(0)v;
.9 (Va> {E m%—}—m%}[ ( Ajg A&i Sm20> ( a>
—1 = — - 41 = a4 —
ox 2F Am? A477E1 cos 20 %

4F
e An overall phaser, — €15 andvg — €"7" 14 is unobservable
. . 1 0 .
= pieces proportional to — (0 1) do not affect evolution:

.5 ( Va Aﬁ; cos 26 Aﬁ; sin 26 Ve,
— _Z% - Am Am
Vg SE-sin20  =z-cos 20 %
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e Evolution Eq. for flavour eigenstates:

(Da) _ ( Aﬁ; cos 26 Aﬁ; stQ) ( a)
Vg Aél’rg sin 20 Aﬁ;ﬁ cos 20 3



e Evolution Eq. for flavour eigenstates:

Vg 4E 4E
Can be rewritten as

s 2 .

Vo + w v, =0

V3 —|—w21/5:O

(Da) _ ( Aﬁ; cos 20 Aﬁ; sin 26
Am 99 AmZ o590

with

) (¢

W =

)

Am?
41F

Concha Gonzalez-Garcia



e Evolution Eq. for flavour eigenstates:

(pa) ( %;g cos20 Am 81n29) ( a)
vg ) Aﬂjﬁ sin 26 Aﬁ% cos 20 Vg
Can be rewritten as
DQ{ —|_ UJ2 Vo — 0 . AmQ
with W =
1)5 + w2 vg = 0 1k
e The solutions are:
Va(QT) _ Al e —Twx 4 Age +iwx
V@(I) _ Bl e —twxT 4 Bge +1wx

with the normalizationv,, (z)|* + |vg(z)|* = 1
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e Evolution Eq. for flavour eigenstates:

(Da) _ ( Aﬁj cos 20 Aﬁj stG) ( a)
Vg Aélfrg sin 20 Aﬁ% cos 20 V3

Can be rewritten as

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

Vg + w?rvg =0
e The solutions are:
vo(z) = Ay e vr 4 A, Trwr
vs(z) = B, € e 4 B, @ e
with the normalizationv,, (z)|? + |vg(z)|> = 1

Ay =sin’0 A, = cos? 0

e For initial conditions:v,,(0) = 1 andvg(0) = 0 =
B1 = —B2 =sinfcosf
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e Evolution Eq. for flavour eigenstates:

(Da) _ ( Aﬁj cos 20 Aﬁj stG) ( a)
Vg Aﬂjﬁ sin 26 Aﬁ% cos 26 Vg

Can be rewritten as

Vo + w?r, =0 h B Am?
wi w = W5

Vg + w?rvg =0
e The solutions are:
vo(z) = Ay e vr 4 A, Trwr
vs(z) = B, € e 4 B, @ e
with the normalizationv,, (z)|? + |vg(z)|> = 1

Ay =sin’0 A, = cos? 0

e For initial conditions:v,,(0) = 1 andvg(0) = 0 =
B1 = —B2 =sinfcosf

e And the flavour transition probability

Am?L
P(vy — vg) = |vg(L)|* = Bf + B3 + 2B By cos(2wL) = sin*(20) sin” ( TE )
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\Z-V Osclllations |

cos 0 sin 0

o For2v: U =
—sinf cos@
2 2 A 2 1_Posc 2\/
Posc = sin (29) sin ( ZLEL> Appear <=7 E/(1.27 Am)%

P.o=1—P,, Disappear \/\
o= sin®2

L (distance)
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\Z-V Osclllations |

0 in 0
o For2v: U = o8 S
—sinf cos6@
1_POSC

= 2
POSC — Sin2(20) Sin2 (ATEL> Appear Z N=mE/(1.27 A7)

P.o=1—P,, Disappear \/\
o sin’2

L (distance)

e Am? — —Am? andd — —0 + % is only a redefinition/; < v,

= We can chose the conventidnn? > 0 and0) < 0 < %
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\Z-V Osclllations |

cos 6 sin 0 )

—sinf® cos@

o For2v: U = (

< \=m E/(1.27 Amﬁ%

P = sin2(20) sin? (AT;L> Appear

P,.,.=1—-P,.. Disappear 5 \/\
o8¢ sin?2

L (distance)

e Am? — —Am? andd — —0 + % is only a redefinition/; < v,

= We can chose the conventidnn? > 0 and0) < 0 < %

e MoreoverP, . is symmetric undet\m?® — —Am? or § — —0 + %

s
4

= We can chose the conventidam? > 0 and0 < 0 <

This only happens fori2vacuum oscillations
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\Z-V Oscillations |

: : 2 )
P,s. = sin”(20) sin” (Am L) Appear < A=mE/0.27 0m) —5

E

P,.=1-— P, Disappear | \/\
o8¢ sin’2

L (distance)




P = sin2(29) sin?

Pococzl_Posc

e In real experiments

neutrinos are not monochromatic

= (P.g)= [dE, 5

\Z-V Osclllations |

Concha Gonzalez-Garcia

< \=m E/(1.27 Am )%

L (distance)

(ATZfL ) Appear
Disappear 5
<1- osc>
O-CC(EI/)POé (El/) SPoge >

1—(sin’21) /2

(sin?21) /2

L (distance)
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P,.. = sin2(29) sin? (A”];L) Appear

P..=1—PFP,. Disappear

e In real experiments
neutrinos are not monochromatic

= (P.g)= [dE,f5-0cc(E,)Pas(E,)

e Maximal sensitivity forAm? ~ F/L

Concha Gonzalez-Garcia

< N\=mE/(1.27 Amz)%

Posc \ /
sin“2
L (distance)
P> 1—(sin’21) /2
<Pose™>
(sin?21) /2

L (distance)
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\Z-V Oscillations |
R N

2 2
osc = SlIl ) sin (Arg L) Appear <— 2= =nE/(1.27 Am)%

P.o=1—P, Disappear | \/\
o8¢ sin’2

L (distance)

e In real experiments
. i 1—(sin’21) /2
neutrlnos are not monochromatic <1 P>
= = [dE, f-occ(B,)Pus(E,) <>
(sin’28) /2

e Maximal sensitivity forAm? ~ /L L (distance)

—~Am? < F/L = No time to oscillate
= (sin”® (1.27TAm?L/E)) ~ 0 — (P,s.) ~ 0
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\Z-V Oscillations |

: : 2 )
P,. = 81n2(29) sin? (Am L) Appear < A=nb/(1.27 8m°) >

E

P.o=1—P, Disappear | \/\
o8¢ sin’2

L (distance)

e In real experiments
. ) 1—(sin’219) /2
neutrinos are not monochromatic <1 P>
dP
= (Pap)= deu—dEV ogcc(Ey)Pos(E)) <P..>
(sin’28) /2

e Maximal sensitivity forAm? ~ /L L (distance)

—~Am? < F/L = No time to oscillate
= (sin”® (1.27TAm?L/E)) ~ 0 — (P,s.) ~ 0

—~Am? > F/L = Averaged oscillations
= (sin® (1.27TAM?L/E)) ~ L — (P,..) ~ Isin®(20)
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\Neutrinos In Matter:Effective Potentials |

e In SM the characteristic-p interaction cross section

G257

7

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

e So if a beam ofp, ~ 10'2/s was aimed at the Eartinly 1 would be deflected
S0 It seems that for neutrinesatter does not matter

e But that cross section is fenelasticscattering
Does not contaifiorward elasticcoherentcattering

e In cohereninteractions= » andmediumremainunchanged
Interference of scattered and unscatteredaves
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\Neutrinos In Matter:Effective Potentials |

e Coherence=- decoupling ofv evolution equation fronequations of the medium




Concha Gonzalez-Garcia

\Neutrinos In Matter:Effective Potentials |

e Coherence=- decoupling ofv evolution equation fronequations of the medium

e The effect of the medium is described byeffective potentialepending on density
and composition of matter



Concha Gonzalez-Garcia

\Neutrinos In Matter:Effective Potentials |

e Coherence=- decoupling ofv evolution equation fronequations of the medium

e The effect of the medium is described byeffective potentialepending on density
and composition of matter

e For example for . in medium withe™
1% &

Voo = V2GRN,

W N, = electron number density



Concha Gonzalez-Garcia

\Neutrinos In Matter:Effective Potentials |

e Coherence=- decoupling ofv evolution equation fronequations of the medium

e The effect of the medium is described byeffective potentialepending on density
and composition of matter

e For example for . in medium withe™
1% &

Voo = V2GEN,
W N, = electron number density

e v

e The effective potentidhasopposite sign for neutrinos y antineutrinos



Concha Gonzalez-Garcia

\Neutrinos In Matter:Effective Potentials |

e Coherence=- decoupling ofv evolution equation fronequations of the medium

e The effect of the medium is described byeffective potentialepending on density
and composition of matter

e For example for . in medium withe™
1% &

Voo = V2GEN,
W N, = electron number density

e v

e The effective potentidhasopposite sign for neutrinos y antineutrinos

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

medium Vo VN
etande”  [EV2Gp (N — Né)$G—\/§(Ne — Ne&)(1 — 4sin? 6yy)
p andp 0 iGTg(N Np)(1 — 4sin? Oy)
n andn 0 F \/_( — Ni)
Neutral(Ne = N,)|  £v2GrN. f/E Ny,
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‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = vy |vq) 4+ 1a|ve) = ve|ve) + vx|vx) (X = u, 7, sterile)

(a) In vacuum in the weak basis
Am

Am?
_ig(ye> E_m_(_zm 1E_ ><e>
0 \ yx 28 Am® 199 Am’c99

4F 4AF
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‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = vy |vq) 4+ 1a|ve) = ve|ve) + vx|vx) (X = u, 7, sterile)

(a) In vacuum in the weak basis

Am Am
_?: O Ve E . ml—l—m2 L 4E COS 2(9 4E Ve
ox U 2F Am? Am” 3090 Am cos 20

2 4E 4E

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

Am
—ii(ye):E—Vx—m%_Fm%—(v Vx—ﬁCOSQH = SmZH)( e)
9z \ py 2k Aﬁé sin 20 Aﬁ; cos 260 Vx
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‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = vy |vq) 4+ 1a|ve) = ve|ve) + vx|vx) (X = u, 7, sterile)

(a) In vacuum in the weak basis

Am? Am
_@'ﬁ(”e> E_m_( g oS0 S )( e>
o 28 Aﬁ;ﬁ sin 260 AZL”E" cos 20

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

Am?
'@<Ve):E—VX—m%22m§—(V 1% 4E Am 6590 = SmZH)( e)

—1
9z \ py Aﬂé sin 26 Aﬁé cos 260 Ux
(a)#£ (b) becausalifferent flavoursy
1% 14 (&
havedifferent interactions
For exampleX = pu, : 7 W

Voo = Ve — Vx = V2GrNe
(opposite sign fop) e, N Ve, Vy, Ur e, N © only v,
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= Effective masses and mixing are different than in vacuum
= |f matter density varies along trajectory the effective masses and mixing vary too

Theeffective massegA = 2E(V. — Vx))

m2_|_m2
,ul,g(a?) — % + E(Ve =+ VX)

1
:|:§\/(Am2 cos 20 — A)? + (Am?2 sin 20)?

IJ-ZA

At resonanpotential: A = Am? cos 20
Minimum Ap? = p3 — p3
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= Effective masses and mixing are different than in vacuum

= |f matter density varies along trajectory the effective masses and mixing vary too

Theeffective masseqA = 2E (V. — Vx)) Themixing angle in matter
2 2 2
mi +mj ___Am~“sin 260
= 1 T2 L BV 4V tan 20,, =
H1,2(2) 2 + B(Ve + Vix) o Am? cos20 — A
1
- 2 _ A)2 2 o 2 S
:I:Q\/(Am cos 20 — A)* + (Am? sin 26) £ ] i 28=0.001
e
m2
2
m;
AR ~A
"V,
At resonanpotential: A, = Am? cos 20 * At A = 0 (vacuum)= 6, = ¢
Minimum Ap? = p3 — p3 *AlLA = Ap = 0n =7

*AtA>>AR:>9m:%
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The oscillation length in vacuum

A7 B
LOSC —
0 Am?
The oscillation length in matter
Lg¢ 1)

LOSC — —
V(Am? cos20 — A)2 + (Am2sin20)2  Ap?




The oscillation length in vacuum

osc __
LO

The oscillation length in matter

osc __

Concha Gonzalez-Garcia

4T H
 Am?

Lse ATE

V(Am? cos20 — A)2 + (Am2sin20)2  Ap?

L°%¢ presents a resonant behaviour

0SC

0S
LT g
A

At the resonant point

LOSC
Losc _ 0
R sin 20
The width of the resonance in potential:
Am? sin 20
OVp = I
The width of the resonance in distance:
oV
57“3 1t

— |dv
‘dr|R
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¢ In terms of the mass eigenstates in mat < Ve ) = Ul0mn(z)] (Vl (:::))

UVx Vgn(x)

e Forconstant potential,,, andy:; are constant along evolution
= the evolution is determined byasses and mixing in mattas

2
Fose = Sin2(20m) Sinz (Alu L)

2K
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¢ In terms of the mass eigenstates in mat ( Ve ) = Ul0mn(z)] (Vl (:::))

UVx Vgn(x)

e Forconstant potential,,, andy:; are constant along evolution
= the evolution is determined byasses and mixing in mattas

o 9 ) AILLZL
P,sc. = sin“(26,,,) sin ( 5 )

e For varying potential (5;) = U0 (2)] (V{n(x)> = Ulom (@) (Di”(x)>
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¢ In terms of the mass eigenstates in mat ( Ve ) = Ulbm(2)] (’/#x))
125° vy (x)

e Forconstant potential,,, andy:; are constant along evolution
= the evolution is determined byasses and mixing in mattas

2 -2 A/LQL
P,sc. = sin“(26,,,) sin ( 5 )

e For varying potential (:;) = U[0m ()] (Zggg) + Ulbm (<) (Zggg)

= the evolution equation in flavour basis (removing diagoraat)p

| Ue 1 A — Agﬂ cos 26 AZLQ sin 20 Ve
7 = —
Ux 2F A?Q sin 26 NZ”Q cos 20 Ux
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¢ In terms of the mass eigenstates in mat < Ve ) = Ulbm(2)] (’/#x))
Vx vy (x)

e Forconstant potential,,, andy:; are constant along evolution
= the evolution is determined byasses and mixing in mattas

a2 -2 A/LQL
P,sc. = sin“(26,,,) sin ( 5 )

o (5 somi (1)

e For varying potential ( f)e ) —
Vx
= the evolution equation in flavour basis (removing diagoraat)p
(e 1 A Agﬂ AZLQ sin 20 Ve
! vx ) 2F A?Q sin 260 A?Q Vx
= the evolution equation in instantaneous mass basis

-m 1 A — Am 20 Am? . 20 m )
’[: (Vl ) L UT ((9 ) ( s 2 COS Aan Sin ) U(@m) (V1n> . 7/ UTU(Qm) (
2 2 Vo

2F sin 26

2k

28
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¢ In terms of the mass eigenstates in mat < Ve ) = Ulbm(2)] (”#x))
Vx vy (x)

e Forconstant potential,,, andy:; are constant along evolution
= the evolution is determined byasses and mixing in mattas

2 ) A/L2L
P,sc. = sin“(26,,,) sin ( 5 )

vy () (z)
o) (i) ) + V0 ()
= the evolution equation in flavour basis (removing diagoraat)p

(e 1 A Ag‘Q AZL2 sin 20 Ve
! vx ) 2F A?Q sin 26 A?Q Vx
= the evolution equation in instantaneous mass basis
" 1 A— AmZ o509 Amgn 99 %
= U0 2 2, U (0
! (@”) 2F (0m) ( Ag‘ sin 260 qu’ ) (0m) (,/
Lo 1 [ —Ap?(z) —4iE60,(z)\ [v™
1 = = .
' AE \4i E0,,(x) Ap? () v

25

e For varying potential ( V )
VX

V3 73
N~

|

S

S.

)
N
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e The evolution equation in instantaneous mass basis

() =8 (arminin e ) ()

= It is not diagonal=- Instantaneous mass eigenstatesigenstates of evolution
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e The evolution equation in instantaneous mass basis

() =8 (arminin e ) ()

= It is not diagonal=- Instantaneous mass eigenstatesigenstates of evolution

= Transitionsv{* — v3* can occur= Non adiabaticity

o For Ap2(z) > 4 E 6, () {%%

L < A 853822299} = Slowly varying matter potent

= 1" behave approximately aolution eigenstates
= v do not mix in the evolutio his is theadiabatidransition approximation

The adiabaticity condition

1 dV < Am? sin” 20
V dx |R 2F cos 26

= 2morg > LE°

= Many oscillations take place in the resonant region
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‘u Oscillations: Experimental Probesl

e Generically there are two types of experiments to search fugcillations :

Disappearance Experiment

VGSOUI'CG

vd
o

etector

v _detector
ST

<—LI—> CDGl

-

P

)

o ll

Compares ®©,, and @,

L

to look for loss
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‘u Oscillations: Experimental Probesl

e Generically there are two types of experiments to search fugcillations :

Disappearance Experiment Appearance Experiment
v, source v dletector vadleltector v, source v. detector
. . . N ; B Searches for
- S pdiffa
L= % P B L ~
- L -

l
Compares ®©,, and @, tolook forloss
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To allow observation of neutrino oscillations:

— Nature has to be good: << 0

: . L
— Need theight set up(=right <E>) for Am?

Source E (GeV) L (Km) Am? (eV?)
Solar 103 107 10—1Y
Atmospheric  0.1-10? 10-103 10~1-10—4
Reactor 10~  SBL:0.1-1 10=2-10—3
LBL: 10-102 10~4-10"°
Accelerator 10 SBL: 0.1 > 0.01

LBL: 10%2—103 10~2-10"3
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\ Plan of Lectures |

Introduction: The New Minimal Standard Model
Effects ofvr mass: Oscillations in Vaccum and Matter
Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects
Summary

PS:The Near Future Experimental Program and Its Challenges
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‘Atmospheric Neutrinos I

Atmosphericv. ,, are produced by the interaction adsmic rays (p, He .. .With the
atmosphere

e NN
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‘Atmospheric Neutrinos: Datal

EVENT CLASSIFICATION

CONTAINED UPGOING MUONS

/ \
e u
V ’0‘.‘ “‘-

ep

(R / .
VIR VU' V.o

'.'.' L ',' u ._‘

Full Partially A i

Con%ained Contained S;[\El’ﬁg:]”g Th”ﬁﬂ%glr?g‘
Ev 0.1 -few GeV few GeVv few 10 GeV few 100 GeV

5 T IIIIIII| T IIIIIII| T IIIIIII| T TTTTTI T TTTTTI T o 0.015

n - E}
L sub / N N}
L GeV / \ T 5
41— / \ through-going - %)
= muons I
o - ! \ T ~
° C / \ — 001 &
> 3 ! \ ]
3 N I \
- - i \ 1
e T " ' -
S 2+ o \ i
P4 - ALY
= C A _ \ —{ 0.005
C {1\ stopping \
C %\ muons \ b,
1= I ,.". \'\ \ N
: I \ \ -
L / \. \
| N N T
0 : : ol 0
10 10t 102 108 104 10°




CONTAINED

/ M
e u

e,u
e Vi
Full Partlally

Con%alned Contained

EVENT CLASSIFICATION

UPGOING MUONS

Vu .
Stofoping Thru—goin'g\
Muon Muon

Ev 0.1 -few GeV few GeVv few 10 GeV few 100 GeV

dN/dInE, (Kt.yr)®

ST L B Ll B Ll R R AL I AR 0.015
C sub ;N T
L GeV / \ 7
41— / \ through-going B
- muons
- / \ 1
C /l \ — 0.01
\
S I \ T
L | \ |
B N ! \ -
L ™ \
21— /.( )’ \ -
N i ',\\ \ — 0.005
C stopping \
C i i\ muons b
1r— i 4 .

10°

Ve In agreement with SM

1- (18187 1K Zz W)

e Angular Distribution at S

100 |

400 [
300 |
200

100 |

250
200 F
150 F

100 F

M+

Multl GeV PC (p)

50 F

Mult| GeV (e)

E | Through (u)

-0.75 -05 -0.25



EVENT CLASSIFICATION

CONTAINED

/ M
eu
Vv :

ep

UPGOING MUONS

V ‘-“‘ ::
Y V,

"uIIy Partially  gioi; L
pping Thru-going.
Contained Contained Muon Mtion

Ev 0.1 -few GeV few GeVv few 10 GeV few 100 GeV

5_ UL RLLLL B B AL B LU R R LA B L B R 0-015A
L ~ m 3
L sub / N N}
- GeV ; \ u ‘5‘
41— / \ through-going - %)
~ muons I
bl B ! \ 7 =
= C ! \ — 001 &
> 3 o / \ |
3 N I \
- - 1 \ 1
= N L \ i
S 2 AN \ _
= - AN ' 0.005
- [ARY \ stopping \\ :
- ,/ i \ muons b
1r— H 4 .

10°

Ve In agreement with SM

e Angular Distribution at S

400

300

200

100 |

400 [
300 |
200

100 |

250
200 F
150 F

100

50

) 400 prerrprrerrrrrperry 400 ¢
e 1 L 1 °F
C ] — ] C
#&Qﬁﬁwo‘ 300
i S + 1 f
- - 200 F ++ - 200 |

Mult| GeV (e)

E | Through (p)

-1 -075 -05 -025 O



CONTAINED
/ "
eu

y Partlally
Contalned Contained

Ev 0.1 -few GeV few GeVv few 10 GeV few 100 GeV

EVENT CLASSIFICATION

dN/dInE, (Kt.yr)®

AN
£

/.I\

! 3\ stopping
i 1 \ muons

UPGOING MUONS e Angular Distribution at“jS

)
Stopping Thru-going.
Muon uon

Ve In agreement with SM

1- (18187 1K Zz W)

Through ()]

-0.75 -05 -0.25
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‘ATM v, — v, Osclllations: Parameter Estimate I

e From Total Contained Event Rates: e From Angular Distribution:
L~ 13000Km  ~ 500Km ~15Km
o 1.5 _94007‘“‘\““\““\““77““\““\““““
L3 FREJUS % | SK sub-GeV elike | K sub-GeV p-like
Y i Z | e
~ 1 e 1 T S
$ i | + IMB 200 7_i-¢-.+4i++{$+++++ T
- 05 - + + + + * + i No oscillation T 1
ENUSEX SOUDAN2 ﬁ’ﬁ'jf\fltlgégl ﬁ’)}f.lltiglljb Q0:“::}HH}HH}HH:H::}HH}HH}HH:
0 990 days %200 , SK multi-GeV e-like ,, SK multi-GeV p-like ,
< ‘I_I_l—l_l_l_,i
I F -+ /
100~ T s el )
5 m+++ 1
: . o Am~L . : f
(Puu) = 1—sin®20sin’ 0 as e e A as o oS g
2F co
uP HORIZ DOWN
~ 0.5-0.7

For E ~ 1 GeV deficit atL. ~ 10°—10* Km

Am?2(eV?)L(km)
2E(GeV) h

= sin” 20 > 0.6

= Am?2 ~ 1074 - 10"2eV?
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‘Atmospheric v Oscillation Analysis I

(1) Theoretical Predictions

— The expected number abntained events

d*® s do
Ra(0) %:m /dEdeOS@V 0 (B () =2~ (Fa)

®3 = Neutrino Flux ko = Neutrino Production Point Distribution

do
dF,,

= Neutrino Interaction Cross Section  ¢(F,) = Detection Efficiency

— The expectedipgoing+: events:

d®,(E,,cos0)

R, (6 = R Agr(E,,0)dE
a >S’T / dE, dcos 0 5.7 (B, 0)dEy
dd < dd, d

dE, dcos0 o dE,dcos6 dE .0

As.1T(E,,0) = Detector Effective Area  Frock (F Lo, E, X) = Muon Energy Loss in Rock
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‘Atmospheric v Oscillation Analysis I

Atmospheric Fluxes Interaction Cross Section
e Several calculations in literature e QEL: v+ (A, Z) = 1T+ (A, Z+1)
e Schematically all do: Dominant att, < 1 GeV

olmv+N—=IT+N 47NN =pn
Important att, ~ 1 GeV

e DIS: v+ N — [T 4 hadrons

® 4 = Cosmic ray spectrum (fit from data) Dominant atty,, > few GeV

O, = P2aQRA®Ya .,
A

R 4 = Geomagnetic Cutoff (modeled)

1.26 T T T T T TTT T T T T T 117 T ||||||||

& UOFRR [15]
o BNL 7—feet [18] ]
= aNL 18—Teet [17] —|
O 4NL 18—Teet [18] 7

the Earth

forbidden track (low energy)

aoc/Ey (107 em®/GeV)

allowed track (high energy) 101 108

Y., = Cross Section for
A+Aatmos — UV + X
(Main difference between calculations) sigure 1
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‘Atmospheric v Osclllation Analysis I

(2) Statistical Analysis

5 T B —— N s s B
Including 90 data points SKI+II+lll data: Kol + SKAl 4+ s:<-||| o
Sub-GeV e-like angi-like: 10+10 points ) oL
Mid-GeV e-like andu-like: 10+10 points i ]
Multi-GeV e-like:10 points S, i
Multi-GeV FC and PGu-like: 10+10 points "o | )
Stopping and Thrugoing’s: 10+10 points ‘E , 90
Using 3-dim atmospheric fluxes from Honda I ]
Use “pull” approach for theoretical 1L -
and systematic errors x
0.3 0.5 1 2 3 4
v B0 =3 gioh — REP tan’e
X° = s {Z éstat + > &+ Z 5?} Best fit:
n=t " SO BEYE T Am? = 2.1 x 1072 eV?
Include all sources of theoretical and systematic tan® @ = 1

uncertainties
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¢ Oscillations are due to:
— Misalignment between CC-int and propagation statéiging = Amplitude
4 E

— Difference phases of propagation statesVavelength For Am?-OSC)\ = A2
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Some New Physics in ATMv -Oscillationsf

¢ Oscillations are due to:
— Misalignment between CC-int and propagation statéiging = Amplitude

. . AT E
— Difference phases of propagation statesVavelength For Am?-OSC)\ = Aﬂ >
m
e  masses are not the only mechanism for oscillations
A
Violation of Equivalence Principle (VEPEasperini 88, Halprin,Leung 01 = A = E|4lo7
Non universal coupling of neutrines #+ ~- to gravitational potentiap
Violation of Lorentz Invariance (VLI)Coleman, Glashow 97 )\ = EQX
2
Non universal asymptotic velocity of neutrines #+ cs = E; = Tgp + cp ¢
Interactions with space-time torsiosabbata, Gasperini 81 A= Qka
Non universal couplings of neutriné@s # k- to torsion strengtla) @
Violation of Lorentz Invariance (VLIXolladay, Kostelecky 97; Coleman, Glashow 99
. - 1O 6] . mf 2T
due to CPT violating termsz2 b7, 1) = E; = - b \ = iA_b

Non-standard’ interactions in mattenvolfenstein 78
- — _ 2T
GreasWav*ve)(fyuf) A= 2v2Gs Ny \/e2 s+(caa—cpp)?/4
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\ATI\/I v's: Subdominant NP Effects |

. 1? ““““ ‘ ‘. wwwwwwwwww
ANP X grxs, Withn 7 —1 = o,
" N TORSION

P,,_, =1—sin” 20 sin® (

R cos 20 = cos 20 + Z R,, cos 2&,, 0:55 . Sksub-Gevw| T

. . . . 09F
Rsin20 = sin260 + g R, sin 2&,, e" b
n CETT
A R P B Y
060 s e i
n — 0Op S SKstop (u)] | SK thru (W)
2 AmQ 04* “““““““““““ \p‘(‘u)* 06 PRI U RS T B | ‘(!J‘)A
-1 -0.8 -06 -04 -0.2 0 -1 -08 -06 -04 -0.2 0

cos 0 cos 0

e Questions:
— Do these effects affect our determination of oscillatiangmeters?

— Can we limit these effects?
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\ATI\/I v's: Subdominant NP Effects |
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‘Learning About ATM Fluxes I

do
— T h By, Fi 3)dEydEy 3 Pas(Ey, cos 0))d cos 6, dh
R/B U Z/ dE, dCOSQ ( )dElB ( ! ) 1,8 5( COS )) COS

e Questionan we Extract£ Deconvolute ., from ATM v data?
x Answer :Yes, but you need:
— Independent knowledge of oscillation parameters (OK)
— General enough analytical parametrization of fluxes (MIN&S
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‘Learning About ATM Fluxes I

do
= 1, T h E,., Ey 5)dE,dE; 3 Pos(E,, cos0))d cos 0, dh
Ry = n, Ej/dEdCOSQ o (1) 35—, Bup)ABudBL s P, cos0))d cos

e Questionan we Extract£ Deconvolute ., from ATM v data?
x Answer :Yes, but you need:
— Independent knowledge of oscillation parameters (OK)
— General enough analytical parametrization of fluxes (MN&D
Or Neural Networkparametrization ofiuxes

e Our First Attempt:Extract onlyE dependence using SK data
— (I)a net(Eu7 COS (9) net (Eu)q)a,calc(Eya COS 9)
Procedure:

(1) GeneratéVyr Replicas of Data according to all uncertainties:
Statistical, Systematic, Theo from Cross Section ...

(2) Train Network to each Replidato get best fit flux ®"")(E,, cos §)
= Chose some statistical criterion to define “best fit” avaidaverlearning

(3) Defineaverageandrangeof fluxes:

rep rep

(net) (net) (k) 2 (net)(k)2 < (net)>2
(@f >rep (By,cos) = Zcb 03 = 7 Zcp N
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\ Extracted ATM Fluxes from SK Data |

£, ¢,.(E) (GeVisriem™s™)

2 4
O F mm it E
2 Honda04 ]
_______ Bartol043 i
llHHl | | llHHl | | llHHl | | llHH‘
2 3
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\ Plan of Lectures |

Introduction: The New Minimal Standard Model
Effects ofvr mass: Oscillations in Vaccum and Matter
Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects
Summary

PS:The Near Future Experimental Program and Its Challenges



|Solar Neutrinos: The Solar Model§|¢ha Gonzalez Garcia

e Sun=Main sequence st&6 x 10° yr old e Compositions70.5 % p, 27.5 % He
e Solar Models describes the Sun based on: and 2% heavier elements

Surface Luminosity: Lo = 3.9 x 10%% erg/sec ® The Sun consists of 3 zones:
—Core: R < 0.3Rs where nuclear reactic

— Radiation Zone: 0.3Rs S R S 0.7Rg

Surface Temperature: Tso = 5.8 x 10° K

Solar Mass: Mo =2 x 10% gr _
_ - — Convective Zone 0.7Rs S R
Solar Radius: Ro =7 x 10° km _ _
e Heavier elements in the core
e Basic assumptions: N./N, =~ 2(core) — 6(sur face)
The Sun is spherically symmetric e The Solar density distribution

Hydrostatic and Thermal equilibrium

Equation of state of an ideal gas
e The total energy emited per nucleon

log(N./N,)

(4.6 x 102 yr) x (3.86 x 1033 erg/sec)
(2 x 1033 gr) x Nay

{

Energy is Produced by Nuclear Reactions

~ 3 x 10%;eV

:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 03 04 05 0.6 0.7 08 09 1

R/ Rsux
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\Solar Neutrinos: Fluxes |
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\Solar Neutrinos: Fluxes |

e The Sun shines converting protons imtpe™ andi’s

4p — *He + 2e™ + 2v, + ~

dmy, — mag. — 2m. ~ 26 MeV Thermal energy mostly i
e Two major chains of nuclear reactions
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\Solar Neutrinos: Fluxes |

e The Sun shines converting protons imtpe™ andi’s
4p — *He + 2e™ + 2v, + ~
dmy, — mag. — 2m. ~ 26 MeV Thermal energy mostly i
e Two major chains of nuclear reactions
pp chain

[(M)p+p—=D+et +u.] [(2)p+e +p =D+l
(99.75%) | | (0.25%)

L

D+ p— "He 4 ~

|
T

*He + *He — a + 2p ‘He + 'He — "Be + v | (5) *He + p = 'He + ™ + 1, |
(p-p1:86%) | (0.00002%)
' }
[ (3) "Be + ¢~ — "Li + v, | Be 4+ p— "B + 4
| |

Li+p—+ 20 [ (4)°B = ®Be* + et + |
(p-p I : 14%) |

fBe* — 20
(p-p I 0.015%)
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\Solar Neutrinos: Fluxes |

e The Sun shines converting protons imtpe™ andi’s
4p — *He + 2e™ + 2v, + ~
dmy, — mag. — 2m. ~ 26 MeV Thermal energy mostly i
e Two major chains of nuclear reactions
pp chain CNO cycle o

e+
[(Dp+p—D+et +r] [2)p+e +p—=D+u N Y <E >=0.707MeV
(99.75%) | | (0.25%) /
P p

D+ p— "He 4 ~

| I
I. I, |

*He + *He = a + 2p ‘He + *He — Be + v | (5)*He + p = 'He + e + v, | He!

(p-p1:86%) (0.00002%) P P
| | |

T ¥ 'r
[ (3) ™Be + e~ — "Li + v | "Be+p—+ B +q /v .
| | N

ELi +Hp —;;«; | (4) °B — "Be* + et + 1| - Y <E ,>=0.997MeV
pp Il : 14%
| \ V\
Be* — 2a
(p-p II 0.015%)

v <E ,>=0.999MeV
e+

Present Solar Moded- pp-chain dominates by 99%



Flux (cm~2 s71)
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Solar Neutrinos:

PP CHAIN E, (MeV)
(Pp)

p+p—=2H+et 4+ v, < 0.42
(pep)

pt+te  +p—2H+ v, 1.552

("Be)
7Be + e -7 Li+ ve

0.862(90%)
0.384 (10%)

1012 g T T T I T I

1ot r—/_\ Bahcall-Serenelli 2005 3
3 pp-| £1%

1010 Neutrino Spectrum (+1c) 4
i —_— .

1os | Be-|+10.5% ]
i BN-__ - —:::—":\AT“~

108 _--" _ - \ S =
E ”” ”” pen_}i 2% =
F 180~ -~ I 1

107g--" 1 1 -
E A et R E
L -7 AN

106 - l7F—>,,f’ | | 8B +16% -
E ’/’ 1 E
- "Be~ |

108 +10.504 T .
i |
g ,/ I

104 g_ 1 _E
3 1
s |

10 3 E | 3
E |
i |

102 | [ 3
§ /I 3
i 1

101 I N /. | 1

0.1 1

Neutrino Energy

in MeV

(hep)

2He+p —% He+ et + 1, < 18.77
(®B)

8B 8 Be* 4+ et + 1, < 15
CNO CHAIN E. (MeV)
A3N)

BNy 13 c4et 4+ 0, < 1.199
(150)

150 515 N et 4+ e < 1.732
(7R

I7p S17T 0 4+ et 4+ v < 1.74




Solar Neutrinos:the Solar Composition Problem |

— Newer determination of abundance of heavy- Two sets of SSM:
elements |n Solar Surface g|ve Iower Values Starting from BahcaletalO05,now Serenelletal0909.

— Solar Models with these lower metaliciies ~ GS98uses older metalicities
fail in reproducing helioseismology data AGSXX uses newer metalicities
O e — L] Flux GS98 AGSS09
A — em—2 g1

0.010 AGS05

pp/10"°  5.97(14+0.006) 6.03(1 =+ 0.005)
A - pep/10°  1.41(1+0.011) 1.44(140.010)
TN g hep/0® 7.91(1£0.15)  8.18(1£0.15)

~0.005 : : \ \
0.0 0.2 0.4 0.6 0.8 1.0

> 0.005F

6c/c

R, "Be/10° 5.08(1+0.06)  4.64(1=£0.06)

ol e — 3B/10° 588(1+0.11) 4.85(1+0.12)
— : 13N/10®  2.82(140.14) 2.07(11513)
s onp Pone® 209017918 1.47(17048)
ol TEN01  5.65(11017)  3.48(17017)

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
R/R_



radlo-
chemical

real iime

Experiments measuring. found deficit

\Solar Neutrinos: Data |

Experiment Detection Flavour  FEi, (MeV)
Homestake 2"Cl(v,e )37 Ar Ve E, > 0.81
Sage + "1Gav,e™ )" Ge Ve E, > 0.23
Gallex+GNO
— — Ve, I/,LL/T
Kam= SK ES v,e™ — e . Ee >5
Opr ~ 1
(Z G
SNO CC ved — ppe™ Ve Te > 5
NC v,d — vizpn Ve,V /r Ty > 5
ES vpeem™ —ve™ e, Vy/r Te > 5
Borexino Vg€  — Uge ™ Ve, Vy /7 E, = 0.862

Deficit is energy dependent
Deficit disappears in NC

Flux (cm™ s7t)

Concha Gonzalez-Garcia

1012 ¢

10|0;—
105;- 17F>_ -

108 [

103 F

o=k

T T T T
10“ ;://_\
: pp-| £1%

10'/

Bahcall-Serenelli 2005

Neutrino Energy in MeV

—_
L I —

EVEWSI'!I'S /' SSMaesos

SNOIII NC

{ SNOII NC.

¢ BOREXINO ]
SAGE SK ;ES ]
G/{LLEX . 1
GNO HOMESTAKE SNOII CC |

EXPERIMENT

Neutrino Spectrum (+10) -
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e Real Time experiments can also give information on Energly@inection ofv’s
and can search for Energy and Time variations of the effect

e From SK (also from SNO)
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e Real Time experiments can also give information on Energly@inection ofv’s
and can search for Energy and Time variations of the effect

e From SK (also from SNO)

Energy Dependence

(6]

BPZOOé)

Data/SSM
o
o

o

D
\

}:
7
e
e
I

%25 10 15 20

Energy(MeV)

Deficit indepE, = 5 MeV
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e Real Time experiments can also give information on Energly@inection ofv’s
and can search for Energy and Time variations of the effect

e From SK (also from SNO)

Energy Dependence Day-Night Variation
§0-87 - SK-I  SK-l (binned) SK-II
L0.6 < 4, . ]

g ‘ §24§ ;TIL-L b »LT%
1 3 ! ﬂ“ %J } |
0.4 T I*I%LTLTT ”-22‘ ‘ _
i ] + Day Night
025 g 153 e TN
Energy(MeV) = .&’tg cosf = ‘2::::,

Deficit indepE, 2 5 MeV Not significant
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e Real Time experiments can also give information on Energly@inection ofv’s

e From SK (also from SNO)

0.8
§ L
1]
=
[9))]
Qo6
J< |
0.4 T I*I%LT%T(
0.2 I I I I | I I I I | I I I I
5 10 15 20

Energy Dependence

Energy(MeV)

Deficit indepE, = 5 MeV

Day-Night Variation

SK-I  SK-l (binned) SK-II

»
o

s
—o—

-,

+

Fﬁ—
e

Flux (x10°%cm™s™)
N
B

N
N
e i

ny
Aeg L

ubIN -
8

Not significant

and can search for Energy and Time variations of the effect

Flux (x10 ®/cm 2/s)

Seasonal Variation

1998 2000 2002 2004 2006
YEAR

Nothing beyond}%
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\Neutrinos INn The Sun : MSW Effect |
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\Neutrinos INn The Sun : MSW Effect |

e Solar neutrinosrer. produced in the coreH{ < 0.3R) of the Sun
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\Neutrinos INn The Sun : MSW Effect |

e Solar neutrinosrer. produced in the coreH{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R/ Rsux

Voo = \/§GFN€ ~ 10_145\\77—; eV
At core: Voco ~ 10714-10712 eV
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosrer. produced in the coreH{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R/ Rsux

Voo = \/§GFN6 ~ 10_14]]\\[[—;‘31 eV
At core: Vooo ~ 10714-10712 eV

Neutrino Flux

The energy spectrum of solaf s

SuperK, SNO
. : ' C
(Gallium (Chlorine |
r
1012 i i
Bahcall
n
10 ﬂ 1
100 [
10° |
+10%
108 |F
"Be 1Be
107 |

108

106 |

104

108

102

10!

=

. 1
0.1 0.3 1 3 10

Neutrino Energy (MeV)

E, ~0.1-10 MeV
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosrer. produced in the coreH{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R/ Rsux

Voc = V2GpN, ~ 10714 g

At core: Voo o ~ 10714-10712 eV

o FOrv, < (s, IN vacuumy, = cos vy + sinf v,

Neutrino Flux

The energy spectrum of solaf s

1012

101

10°
108
107
108
106 |
L

/

102

104

108

10!

(Gallium

| Chlorine | SuperK, SNO

/_PB

10 ¢

+10%

"Be

"Be

0.1

. !
0.3

1 3 10

Neutrino Energy (MeV)

E, ~0.1-10 MeV

e For10=%eV? < Am? <107*eV? = 2E,Vooo > Am? cos 20



The solar matter density
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosrer. produced in the coreH{ < 0.3R) of the Sun

log(N./N,)

0 O

.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

R/ Rsux

Voc = V2GpN, ~ 10714 g

At core: Voo o ~ 10714-10712 eV

e FOru,

<— U

Neutrino Flux

The energy spectrum of solaf s

1012

101

10°
108
107
108
106 |
L

/

102

104

108

10!

(Gallium

| Chlorine | SuperK, SNO

/_PB

10 ¢

+10%

"Be

"Be

0.1

. !
0.3

1 3 10

Neutrino Energy (MeV)

E, ~0.1-10 MeV

u(r)» INvacuumy, = cos vy + sinf vy

e For10=%eV? < Am? <107*eV? = 2E,Vooo > Am? cos 20

=> v can Ccross resonance condition in its way out of the Sun
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Forf < 7:Invacuum v, = cosf vy + sinf vy IS mostlyr,

In Sun core v, = cosl,, ov1 + sinb,, gva IS Mostlyrs
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Forf < 7:Invacuum v, = cosf vy + sinf vy IS mostlyr,
In Sun core v, = cosl,, ov1 + sinb,, gva IS Mostlyrs
If (Am?/eV?)sin? 26

-9
(E/MeV)cos 260 >3 x 10
= Adiabatictransition

* 1 1S mostlyr, before and after resonance
x 0,, | dramaticallyat resonance
= v, component = P.. |
This is the MSW effect
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Forf < 7:Invacuum v, = cosf vy + sinf vy IS mostlyr,

In Sun core v, = cosl,, ov1 + sinb,, gva IS Mostlyrs

(Am?/eV?)sin? 26 —9 (Am?/eV?)sin? 260 —9
If (E/MeV)cos 26 >3 x 10 If (E/MeV)cos 26 SJ 3 x 10
= Adiabatictransition = Non-Adiabatictransition
x 1 1S mostlyr, before and after resonance x v is mostlyvs till the resonance
x 0,, | dramaticallyat resonance x At resonance the state can jump intp
= 1, component = P.. | (with probability P;, )
This i1s the MSW effect = v, component = P.. |
W, V,
/
m2 V“ :
| /i \u g
v,
Ap A AR A

P.. = 21+ cos20,, cos 2] ~ sin” § P.e=2%[1+(1—2Ppz)cos 26, cos 20|
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\Neutrinos INn The Sun : MSW Effect |

_______
.-
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\Neutrinos INn The Sun : MSW Effect |

v does not cross resonant P, =1 — %Sin2 20 > %

~
Q
S
S
S

_______
.-

~
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~.---— ---------

1013 1014 1015 1016 1017 1018
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\Neutrinos INn The Sun : MSW Effect |

v does not cross resonant P, =1 — %Sin2 20 > %

~
Q
S
S
S

_______
.-

~.---— ---------

O / | \HHH‘ | \HHH‘ (|
/ 1010 1011 1012 1013 1014 1015 1016 1017 1018

4€ /Am* (eV™")

v Crosses resonance
MSW effect
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\Neutrinos INn The Sun : MSW Effect |

v does not cross resonant P, =1 — %Sin2 20 > %

~
S

_______
.-

)
’
1}
’
.
.
~ .
BTN SuSpE Y TR

0
/ 10" 10" 10 10" 10" 10" 10" 10'®

4E /Am* (eV™")
U Crosses resonance .

: : . .2 1
MSW effect Adiabatic MSW transitior P.. = sin“ 8 < >

B
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\Neutrinos INn The Sun : MSW Effect |

v does not cross resonant P, =1 — %Sin2 20 > %

_______
.-

Adiabacity breaking
2k Effect of P »
4E /Am* (eV™")

v CIOSSES resonance 1

: : . .2 1
MSW effect Adiabatic MSW transitior P.. = sin“ 8 < >
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‘Neutrinos from The Sun : The Full Story I

A<Ve — Ve) — ASun(Ve — Vl) X Avac(Vl — Vl) X AEarth(Vl — Ve)

+ASun(Ve — VQ) X Avac<V2 — V2> X AEarth(V2 — Ve)

0.2 - Day ... tan®*9=0.35
I Kﬂ _ tan®=2.5x107%]
| ]

Ll Lo | HHH‘ | \HHH‘ | \\\HH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \\\HH‘ Lo
10 10" 10" 10" 10" 10™ 10" 10" 10" 10" 10

4E/Am? (eV")

20
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‘Solar Neutrinos: Oscillation Analysis I

e With all the measured event rates:

Xk =) (R" — R{")o;* (R} — RY™)
o;; contains theoretical uncertainties and the experimegtiématic and statistical
errors

— For ClI, Ga, and SNO CC
th — Z ¢kz /dEV Ak(El/) X |:O-6,i<EV)<P€€(EU7t)>i|
k=1,8
— For SK, SNO and Borexino ES
R = 37 on [dB A(By) X [00i(B) (Pec(Bo, 1))

40w (B) (1~ (Pec(Bu, )]
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‘Solar Neutrinos: v, — v, Oscillations I

Allowed regions by Fit to Total Rate€l, Ga, SK and SNO CC

10-3 T \HHH‘ T \HHH‘ [T TTTII T

g4 BPOO [ Ve = Vp,r
i 'LMA Different regimes can explain the Total Rates
1070 ] |
o éﬁ‘ - Energy and Time dependence of Observables al-
g\lo - a  lowtodiscriminate
>10"0 &y
L LOW N\ -
-8 -
e E
<10° L >
107 VAC == ==
a1 ] 95
10~ CGlobal Rates o 0
10-12: | \HHH‘ | \HHH‘ | \HHH‘ | \HHHi | \HH%

10% 10° 10% 10! 1 10
tan®®
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Energy Dependence @i,.. for Different Solutions

SMA

Neutrino Flux

LOW

Neutrino Flux

SuperK, SNO

{Chlorine I

(Gallium

0 ¢
101 E
1010
100

108

: Be
107 r

100

105!'
10‘;i/
103

102

1 : L 1
10 0.1 0.3 1 3 10

Neutrino Energy (MeV)

SuperkK, SNO

Chlorine I

(Gallium
lol! | T

11
10 r/’_ﬁ £1%

1010 |-

10° |-
108 |
107k

106 |-

100 |
10‘/
108

102 |

1 i 1 " " P
10 0.1 0.3 1 3 10

Neutrino Energy (MeV)

Neutrino Flux

Neutrino Flux

SuperK, SNO
. 0 ,
L M \Gallium | Chlorine I
10t —
3 Bahcall
1
1010 r
10° .—
3 +10%
108
!—_\"Bg\ e
107 r
10
106
104 é/’
10°
102
1 : L 1
1051 0.3 1 3 10

VAC

10t ¢
101 E
10t
10
108

107

10°

10|

Neutrino Energy (MeV)

SuperK, SNO

{Chlorine I

(Gallium

Bahcall
+17%

0.1 R 1 3 10

Neutrino Energy (MeV)
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Expected Day-Night variation

e Matter effects in the Earth are maximal whef <25(20)/2E  _gem

pEarthYe

e SincelprarinYe) =2 —5gcm °

= For example AT SK effect is most importafiar Am? cos(20) ~ 1076 — 107 eV?

-3 SK
10 E T \HHH‘ T \\\HH‘ T

2 (N=D)/(N+D) 0.001
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‘Solar Neutrinos: v, — v, Oscillations I

SK and SNO E and t dependence
RATES ONLY GLOBAL

10_3§ T TTTT T TTTT T TTTTI T /_\ 1‘6 T T T T ‘ T T T T ‘ T T T T 30
al LN N LMA
10L [} L
10‘5 TO 1.3} — 95
10° N i 90
a0 - ~ 1 —
% 10 g -
~ L
~_ 108 T ]
E 0.77
< 10°L . B
100 — ] 0.4 J
% VAC ":1‘35’5-:*_*-&'3;&‘.?: C
_117 - L
107 ClobalRates = 5 o OMA, LOW, VAC at> do |
_12F : 1 .
10 10410310_210_11 | HHH:\I-OI 002 0.3 0.4 005 0.6 20.7
tCIﬂz”& tan“®
Best fit

Am? = 6.8 x 107° eV?
tanZ 0 = 0.45
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‘Learning How the Sun Shines I

— Solarv experiments measure a convolutions., = P°Y" ® Sun Properties

— We will see that now Non-solar exp determine independehtly(osc param)
=- Back to studysun Propertiefrom Obs,
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‘Learning How the Sun Shines I

— Solarv experiments measure a convolutions., = P°Y" ® Sun Properties
® p

— We will see that now Non-solar exp determine independehtly(osc param)
=- Back to studySun Propertiefrom Obs,

e The Sun shines converting protons intpe™ andv’s
4p — “He + 2et + 2v. + 7
4my, — mag. — 2m. ~ 26 MeV Thermal energy mostly i
pp chain CNO cycle

[(Dp+p—2D+et+r.] [2)p+e +p =D+
(99.75%) | | (0.25%)

L

D4 p— He + 4

|
} ! }

*He + *He = o 4+ 2p He + *He =+ Be +~v | (5) *He + p = 'He + e + v, |

(p-p I: 86%) | (0.00002%)
| l
[ (3) Be + e~ — "Li + ve | "Be+p— B +q
! ]
Li+p =+ 2a L (4)°B — "Be" + et + v | Y <E >=0.997MeV
(o-p IT: 14%) | \ \
SBe* —+ 2a / [F"]
(p-p 111 0.015%)

v <E ,>=0.999MeV
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e First proposal by Bethe (1939) was that CNO dominated
“It is shown that the most important source of energy in acagyrstars is the reactions of
carbon and nitrogen with protons.”
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e First proposal by Bethe (1939) was that CNO dominated
“It is shown that the most important source of energy in acagyrstars is the reactions of
carbon and nitrogen with protons.”

e Improved Solar Model& nuclear reaction data Sun shines primarily by p-p

gy |— Gallium }— Chlorine = SuperK, SNO

| 12 T T T 1T 17T T T T T T T ’ T
e SSM Fluxes = ° | | '

|

g

g 1010 +1%

£

& S

£ 108

= 10 7Be"

| +10%

S |

= 108

Itl)

Y

g 104 —]

E 10

-

<

—

+ 102

bé L | | \%\ |

£ 01 02 0.5

Neutrino energy (MeV)
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e First proposal by Bethe (1939) was that CNO dominated
“It is shown that the most important source of energy in acagyrstars is the reactions of
carbon and nitrogen with protons.”

e Improved Solar Model& nuclear reaction data Sun shines primarily by p-p

|— Gallium — Chlorine = SuperK, SNO
T T T T 1T 17T T T T T T 71T | T

1012 ‘

e SSM Fluxes

-

(e
—
(e}
kS
§S

—
o
o

=
[en)
N

—
o
\V]

1 | i I % |
0.1 0.2 0.5 1
Neutrino energy (MeV)

e Can this be tested experimentally?

Flux at 1 AU (cm_2 s_lMeV_l) [for lines, cm ™2 s_l]
=
=
(o]
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e First proposal by Bethe (1939) was that CNO dominated
“It is shown that the most important source of energy in acagyrstars is the reactions of
carbon and nitrogen with protons.”

e Improved Solar Model& nuclear reaction data Sun shines primarily by p-p

gy |— Gallium }— Chlorine = SuperK, SNO
| 12 T T T 1T 17T T T T T T 71T ’ T
e SSM Fluxes .= ¢ | | '

I

g

© pp

g 1010 +1%

£

Té‘ S S

[ 8 \

5 10 L TBe > E

+

. =i

= 108 e

I ]
N /{/

g 4 L—1

§ 10 |

2 ]

|

— 92 |

+ 10 |

bé 1 | | \%r:/

= 0.1 0.2 0.5 1

Neutrino energy (MeV)

e Can this be tested experimentallPHficult in past

— Radiochemical experiments sensitive to CNO fluxes
But do not measuré& =- only integrated flux abové/;;,
— Oscillations modify thé® dependence of detected fluxes
— Possible suppression of CNO fluxesno experimental limit



Concha Gonzalez-Garcia

\How the Sun Shines? Older Answerl

e Before SK and SNO large CNO solutions allowed
Bahcall, Fukugita, Krastev PLB (1996)

| Gallium F— Chlorine > SuperK, SNO

210-5 T T T TTTTT T T T TTTTT TTTT : 12
x T T L\I]m 10 ‘ |
#(CNO)/$(CNO),,, = 99.95 % “ ' |
o
g 1010 P 19% |
1073 |- — g
9x10¢ |- . L = | I i & S
N ax10% | : ;E o PR T g
T o = ,_.: 107 ;150/'/ <"Be>
~  6x10 | , M
E 5X10 ‘ % 10'7? """"
x10-¢ [ --T
Z 100 g
4x10-¢ | IR _-'F
i) =
By E)/ ]_04 /'
-
2x10-8 1 Lol 1 Lol 1 L1 <
10-3 10-2 10 1 - 2
sin?260 = 10 /:/
o ‘ ‘ [
] ; A o= "
= 0.1 0.2 0.5 1

Fig.2 Neutrino energy (MeV)
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\ How the Sun Shines? Present Answgr

Global Fit to solar+LBL+ATM-+reactor:

D,

— 3v oscillations-8 free solaw fluxes  fi = g Gsg

Under conditions:
* Nuclear Physics inequalities:
— From pp-chain:

(I)7Be + (I)SB < (I)pp —+ (I)pep
= 8.49 x 10 % frg, + 9.95 X 107 ° fsg < fop + 2.36 X 1072 fep

— Thel4N(p, )10 slowest of the CNO-cyclebiso < Pisy = fiso < 1.34fisy
— CNO-Il branch subdominaft.7, < @155 = firp < 37 1506

— pep flux related topp flux (same matrix elements)fw = 1.008 £ 0.010

8
* Luminosity constraint: Le  _ ®.
(AU Z:Zl a; P;
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\How the Sun Shines? Present Answer |

Results of Oscillation fit with solar flux normalizations dre

b OPD O A PLresent limit on CNO:

e e e -, =2 < 3.2% (30)

5 0>5L_0 r

b . E - e o Test of Lum Constraint:

N B 0 R D B RS Lo(v — inferred) 1.0+ 0.14 (1o
) With Borexino [\f-‘m

.............................................. Before Borexino
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\How the Sun Shines? Present Answer |

Comparing with GS98 and AGSS09 Models

Prob Prob

Prob

S ~ N W
O o o & N &

o HHH\H‘H\H\H\‘\H\H\H‘\HHHH‘\H\HH
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o O O
@ [T T T T
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o O
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f
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I. ,( v
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150

" .
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oY

1
R YN N
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EN HHHH\‘H\H\H\‘HHH\H‘\HHHH‘HHHH

10 g\ 1T ‘ TTTT “‘&"—Ji{‘ T E
E _...GS98 7
7.5 £ A - .AGSS097
% 7Be - %
5o .
OE\\\\‘J" .{‘H‘\‘L“‘PLL \ué
0.5 0.7 0.9 1.1 1.3 1.
4 E\ ;:\ T ‘ T 1T ‘ T 1T 1T \E
3.2 fian =
2.4 =it =
1.6 10" =
il E
0.8 14 3
0
0 1.5 3 4.5 6
15 :\ ‘ 1T ‘ T ‘ 1T 1T ]
2
¥
o
3E
0 :J-J’\'\ ‘T‘\,\‘\*L\ Lot L

0.6 0.8 1 1.2 1.4

5

Both statistically
equally probable
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\ Plan of Lectures |

Introduction: The New Minimal Standard Model
Effects ofvr mass: Oscillations in Vaccum and Matter
Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects
Summary

PS:The Near Future Experimental Program and Its Challenges
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\u Osclllations: Accelerator and Reactor Searches |
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\u Osclllations: Accelerator and Reactor Searches |

Appearance Experiment

VO(SOUFCG

Vv, detector

B Searches for
" g g Bdiffo
- L -

Experiment(=/ 7<) a B
CCFR 100 FNAL Uy, Ve Vs
E531 25 FNAL Uy, Ve Vs
Nomad 13 CERN Uy, Ve Vr
Chorus 13 CERN Vp, Ve Vs
E776 2.5 BNL vy Ve
Karmen2 2.5 Rutherford v, .
LSND 3 Los Alamos v, D
Miniboone 3 Fermilab v,,v, ve Ve
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\u Osclllations: Accelerator and Reactor Searches |

Appearance Experiment Disappearance Experiment
v, source VB detector v source v dletector vadleltector
Searches for _ ‘ . . .
- " " Bdiffa
B L ~ L~ % P
- L, .

Experiment( E£1>/Inel\/> o 3 Compares ®©,, and @, tolook forloss
CCFR 100 FNAL Uy, Ve Vs
ES31 25  FNAL Uy, Ve Vs
Nomad 13 CERN Uy, Ve Vr
Chorus 13 CERN Vp, Ve Vs
E776 2.5 BNL Vy o Ve
Karmen2 2.5 Rutherford v, .
LSND 3 Los Alamos v, D

Miniboone 3 Fermilab v,,v, ve Ve
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\u Osclllations: Accelerator and Reactor Searches |

Appearance Experiment

Disappearance Experiment

VGSOUI'CG

v _detector

V detector .
a 1

<—LI—> (Do(l CD

o ll

Compares ®©,, and @,

Vv source V., detector
B Searches for
g ” ~ Bdiffa
- L >

Experiment(=/ 7<) a B
CCFR 100 FNAL Uy, Ve Vs
E531 25 FNAL Vi, Ve Vs
Nomad 13 CERN Uy, Ve Vr
Chorus 13 CERN Vp, Ve Vs
E776 2.5 BNL vy Ve
Karmen2 2.5 Rutherford v, .
LSND 3 Los Alamos v, D

Miniboone 3

Fermilab

UV Vy Ve Ve

L -

Il
to look for loss

Experiment (/7<) o
CDHSW 1.4 CERN vy,
Bugeylll 0.05 Reactorv,
Chooz 0.005 Reactor,
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‘LSND I
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‘LSND I

e Theshort distance sign#or oscillation: . = 30 mwith (£,) ~ 30 MeV
e Used the proton beam of Los Alampst Target — 7+ + X
7t — oyt
pt—et v,
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‘LSND I

e Theshort distance signdor oscillation: . = 30 mwith (F,) ~ 30 MeV
e Used the proton beam of Los Alampst Target — 7+ + X
7t o, pt
pt = et e,
e Observed’,, — . with probability (7.,,)= (0.26 £ 0.07 &+ 0.05)%
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MiniBooMNE =inglc horp
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e {Thed)-2. 3446 Inll-uni




Concha Gonzalez-Garcia

‘LSND I

e Theshort distance sign#or oscillation: . = 30 mwith (£,) ~ 30 MeV
e Used the proton beam of Los Alampst Target — 7+ + X
7t — oyt
Pt et ey,
e Observed’,, — . with probability (7.,,)= (0.26 £ 0.07 &+ 0.05)%

G

MiniBooMNE =inglc horp

1993_98 ..............
e {Thed)-2. 3446 Inll-uni

107 167 et
gin~ 263

e Karmen which searched for the same signal and did not observe asoiib.
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‘LSND I

e Theshort distance sign#or oscillation: . = 30 mwith (£,) ~ 30 MeV
e Used the proton beam of Los Alampst Target — 7+ + X
7t — oyt
pt = et e,
e Observed’,, — . with probability (7.,,)= (0.26 £ 0.07 &+ 0.05)%

10 ,:>
(<

MiniBooMNE =inglc horp

A’ [eV

1993_98 ..............
e {Thed)-2. 3446 Inll-uni

107 167 et
gin~ 263

e Karmen which searched for the same signal and did not observe asoiib.
e VMiniBoone In Fermilab has been running to solve this but....



MiniBooNE
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e Search for, — v, andv,, — v, with £, = 0.3 — 2 GeVandL = 540 m

Neutrino Results (2007): No Signal, Bound Antie

|am?| (eV3ic?)

events / MeV

excess events / MeV

10

10?

102

: 2v oscillation
+ analysis threshold
—

e MiniBooNE data
- expected background
--- BG + best-fit v, » v,
— v, background

— v, background

e data - expected background
--- best-fit v, - v,

— sin?(26)=0.004, Am?=1.0 eV?
— sin?(20)=0.2, Am?=0.1 eV?

3 i = == S S
E R A A A | P
300 600 900 1200 1500 3000
reconstructed E ,, (MeV)
FroToTTTT T T T TITT ‘ T T T TTTT ‘ T T TTTITH
= 1 |
C ! 7
| gy 1 -
L y o= . 1 |
-y —— = MiniBooNE 90% C.L. ;
L 5 -
: .’ ---KARMEN2 90% C.L. |

L s - 0 \ |
e Bugey 90% C.L. ) = 10
C o \ ]
L < < -
C ¢» 7
+ = _
= = 1
= ' —10?
= \ ]
= ~
= ~
C N
+ [ LSND 90% C.L. AR 3
r [] LSND99% C.L. S .

Ll ‘ L Ll ‘ L I \‘ L L1 T \\\ 10.2

10° 102 10" 1
sin?(26)

utrino Results (2010): Signal

Events/MeV

0.2

Events/MeV

CJv. &V, from p
v, &V, fromK ;"
E3v, &7, fromK

Fit Region

Constr. Syst. Error
----- Best Fit (E>475MeV)

3 Data - expected background
------- Best Fit
sin®26=0.004, Am’=1.0eV*
sin26=0.03, Am*=0.3eV*

IAm?| (eV/c®)
=

101}

102

. T T T T
—— 68%CL
— gomCL
—— 99% CL
------ KARMEN2 90% CL
............ BUGEY 90% CL |

b . LSND 90% CL

I I:l LSND 99% CL

10° 102
sin®(26)
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‘Summary of Searches at Short/Medium Baseline I

Am? (eV?)

N AL T "E"E'| T rorrrTTm
- | | E53t 3
=] "“"CCFR :

CHORUS

- BNL-E776 |

LSND S i i
Vﬂél/e .-.f\'“ 2

Am? (eV2/c4)
H
o

=
o

N
T

10 |

107 107 107 1 107 10° 1




Am? (eV?)

e CHOOZ Reactor disapp exper
= Lower E and longer L
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‘Summary of Searches at Short/Medium Baseline I

- BNL-E776 |

LSND
V= Ve

LR

= SensitiveAm3

= Constraintv, effects in ATM

~cerR
CHORUS

LR AR L rrTTT rorTTTT
E5Bi E

Am? (eV2/c4)
H
o

10

90% C.L. éC}“DO“m.m%; .....

2
10



Am? (eV?)

e CHOOZ Reactor disapp exper
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‘Summary of Searches at Short/Medium Baseline I

i - L AL I !

| BNL-E776 | L10°% E53L E o 10° )

— > : .'CCFR 17> - -

LSND N >

— CHORUS CHORUS
| V= Ve 5102 = E §

5 102k s
2 10
= &

10 £ 90%CL. CHOOZ:.>
—4 ‘ ‘ o . . ......i . S
w0t 10 10?10 1 107 107 1

sin’*(29)

e To reach smalAm? ~ 10~° eV? with v/} s
= very large L and intermediate E
= Long Baseline Exp at Accelerators

= Lower E and longer L
= SensitiveAm 3y
= Constraintv, effects in ATM
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‘Summary of Searches at Short/Medium Baseline I

o~ P p L) I L B L] LAY I |
S nEr7s ©103 - E531 SIS
[ BNL—-E776 4 E : _
< ~"CCFR {5100 ;
£ sno = 1
< N CHORUS 1 CHORUS
, £ .. v £ 2 HO
_qf V;L 9 Ve 4102 - ERLY
10 ] :
5 102} .
102 10 &
: 10 £ 90% C.L. CHOOZ~
~4 e i >
10 e
10°* 1072 102 107" Lo 107 10" 1
sin®(21) sin’ 20

e CHOOZ Reactor disapp exper

e To reach smalAm? ~ 10~° eV? with v/} s
= very large L and intermediate E
= Long Baseline Exp at Accelerators

= Lower E and longer L
= SensitiveAm 3y

= Constraintv, effects in ATM .
e To lowerAm? ~ 107° eV? with /s

= Long Baseline Exp at Reactors
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K2K v, at KEK SK L=250 km
MINOS | v, at Fermilab| Soundan | L=735 km
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K2K 2004 spectral distortion
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‘ATI\/I Test at Long Baseline Experiments IZ"j"ez'G"’“C‘a

K2K v, at KEK SK L=250 km
MINOS | v, at Fermilab| Soundan | L=735 km
Opera v, at CERN | Gran Sassg L=740 km

K2K 2004: spectral distortion MINOS 2006-2010: spectral distortion
= 16 6
8
o~ 12; 50
(0] 3 H . . . il '+' . 10|
(0] 1 2 3 4 5 . .
EV = (GeV) 0 5F{econstruc1t(<)adE\,(GeV1)5
Confirmation of ATM oscillations Impact onAm?2 Determination
: IIIIIIII| IIIIIIII: 5 — I B
53 K2K E E‘SK-I+‘SK-II+SI‘<-III N

- versus MINOS disapp 3.36 x 102 POT -

Am? [10° eV?]
w N
T TTT

N
TTTT TT
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II|IIII
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‘ Little Puzzle with MINOS v, versusy, Disappearancﬂ

New Results Presented ir2010:
Vy — Uy 7.2 x 10%° POT

MINOS Preliminary

- MINQOS Far Detector
>300__ —4— Far detector data |
[ - No oscillations | Z
Q) i Best oscillation fit ] D
\0‘3200_— E NC background —_ E..
c 15
.ol + o
i 10O
- 1
O_ —— ! L | O
0 2 4 6 8 10

Reconstructed neutrino energy (GeV)

FD Events/GeV

v,— v, 1.7x10* POT

1.71% 10° POT MINOS v, running, Far Detector
— T T T T | T T T T |I\II‘I\I\IIIHl\HI‘III\IIHIl\HI‘II\L
30 [ —+ MINOS data 7]
i — No oscillations |
I - ATY=2.35x107eV?, sin®(28)=1
- — Best oscillation fit .
201 ~11— []Background =
L ! :"- 1=
- 13
N MINOS Preliminary  |S
10| i -1=-
- - 1>
[ :L 1o
L i
][ 12
O = | I - T N T )
0 5 10 20 30 40 50

Reco. Energy (GeV)
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‘I\/IINOS v, — v,. Leading Oscillations I

v, — vy 3.4 x 1020 POT v, — v, 7.2 x 102 POT v, — v, 7.2 x 102° POT
Versus Versus Versus
Vy — Vy 1.2 X 1020 POT Vy — Uy, 177 X 1020 POT Vy — Vy +0Vy — Uy

*
*




[Terrestrial Test of LMA: KamLAN D[ soneler A

e Search o, atL~ 180 km reactorsl;; ~ few MeV: Ue+p—n-+et

2002:Deficit Rxranp = 0.611 £ 0.094 Oscillation Analysis

LaF 25 | | | | | | | | L |
1.2 'ﬂz’ : :
1.0 g4k "—"—""EI*-""'--"'---.—.,.: - B 7]
$ on -+ #ﬁ 20— ]
§ 0.6 % %_é_\égr;nah River ;j : :
T s 150 =
ool ., KamLAI\ND | | | -8 : :
100 10 100 18" 10 ~ B -
Distance to Reactor (m) e 10 __ —_
L . . <t " < =
2004-: Significant Energy Distortion i = i
, 5 —
P4 ] ] B i
VE‘% 3; O _I | L 1 11 | L 1 11 | L 1 11 | I | | _I
w o LEUELTLL EFEN 025 05 1 2 4
80f~~ ‘—“““ tan29
£ - Confirmation and Precision afym?
. Slight missmatch in best fit mixing angle
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\ Plan of Lectures |

Introduction: The New Minimal Standard Model
Effects ofr mass: Oscillations in Vaccum and Matter
Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects
Summary

PS:The Near Future Experimental Program and Its Challenges
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¢ \We have learned:
* Atmosphericy, disappear} many o) most likely tov
+ K2K: accelerator, disappear ab. ~ 250 Km with E-distortion (~ 2.5—40)
+* MINOS: accelerator,, disappear at. ~ 735 Km with E-distortion (> 50)
+ Solarv, convert tov, or v, (> 70)
x KamLAND: reactory, disappear af. ~ 200 Km with E-distortion (> 30 CL)
+* LSND and MINOS found some evidence fgf — v, ?
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¢ \We have learned:
* Atmosphericy, disappear} many o) most likely tov
+ K2K: accelerator, disappear ab. ~ 250 Km with E-distortion (~ 2.5—40)
+ MINOS: accelerator,, disappear al. ~ 735 Km with E-distortion (> 50)
+ Solarv, convert tov, or v, (> 70)
x KamLAND: reactory, disappear af. ~ 200 Km with E-distortion (> 30 CL)
+* LSND and MINOS found some evidence fgf — v, ?

All this implies that neutrinos are massive

¢ \We have important information (mostly constraints) from:
x The line shape of the ZNyeax = 3
« Limits from Short Distance Oscillation Searches at Reaatmr Accelerators
« Direct mass measurements H —3 He + e~ + v, andv-less3/3 decay

«x From Astrophysics and Cosmology: BBN, CMBR, LSS ...
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‘Solar+Atmospheric+Reactor+LBL 3v Oscillations I

U: 3 anglesl CP-phase (1 0
+ (2 Majorana phas@s 0 cas

—S23

NORMAL

Two mass schemes

2
A msolar

0

523
€23

)

C13 0 c21

813€i5 s12 O
0 1 0 —s19 c1o O
——8136_'&'(S 0 Cc13 0 0 1

INVERTED

solal

3
N
A m

m,

2v oscillation analysis= Am3, = AmZ < AMZ,,, ~ £Am3, ~ £Am3;
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‘Solar+Atmospheric+Reactor+LBL 3v Oscillations I

U: 3 angles1l CP-phase
+ (2 Majorana phasgs

1 0
(0 c23
0 —s23

NORMAL

Two mass schemes

2
A msolar

0

523
€23

)

C13 0 C21

813€i5 s19 0
0 1 0 —s19 c1o O
—8136_'&'(S 0 Cc13 0 0 1

INVERTED

solal

3
N
A m

m,

2v oscillation analysis= Am3, = AmZ < AMZ,,, ~ £Am3, ~ £Am3;

Generic 3 mixing effects:
— Effects due t@

— Difference betweeimvertedandNormal

— Interference ofwo wavelengttoscillations

— CP violationdue to phaseé



Concha Gonzalez-Garcia

\B—V Neutrino Oscillations |

d—)
¢ In general one hastosolve:z'd—z — HD H:U-Hg-UJUrV
1
Hf = ———diag (~Am3,,0,Am3,) V= diag (i\@GFNe, 0, o)

= Oscillation Probabilities Depend on the 6 parameters
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\B—V Neutrino Oscillations |

d—)
¢ In general one hastosolve:z'd—z —Hv H:U-Hg-UJUrV
1
Hf = ———diag (~Am3,,0,Am3,) V= diag (i\@GFNe, 0, o)

= Oscillation Probabilities Depend on the 6 parameters

e Hierarchical approximatiar Am3, < Am32, ~ Am2,

= Simplification of the relevant Oscillation Probabilities
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\B—V Neutrino Oscillations: CHOOZ and KamLAND |

e Hierarchical approximatiar Am32, < Am2, ~ Am2,

AmglL
4F

2
2 Ams, L

— cos? 013s8in? 265 sin e

P3¥ =1 — sin® 26, 3sin”
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3—+ Neutrino Osclllations: CHOOZ and KamLAND

e Hierarchical approximatiar Am32, < Am2, ~ Am2,

2 2
P3¥ =1 — sin® 26;3sin” % — cos? 0138102 205 sin® %
2
« CHOOZ: L~ 1 km, B~ MeV = 27210 ~ )

CH _ . 2002 .2 Am3 L
P57 =1 —sin” 207, sin (T

/\1

Limit on sin” 615 < 0.1-0.02
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3—+ Neutrino Osclllations: CHOOZ and KamLAND

e Hierarchical approximatiar Am32, < Am2, ~ Am2,

ng — 1 — sin® 26;3sin? ATZ—%L — cos? 0138102 205 sin® ATZ—%L
* CHOOZ: L~ 1 km, E~ MeV = AZ_%L ~ (0 * KamLAND: L~ 180 km, & MeV
AmglL ~ 1
PCH =1 — sin* 20?; sin? (_AZ%L) = Tip = 22

/\1

Limit on sin” 615 < 0.1-0.02
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\B—V Neutrino Oscillations: SOLAR |

Convenient to use an intermediate basis

Ver = Ci12V1 + S12V2 V) = —S12V1 + CiolV2 Vs = Uy

At lowest order inE'Vsin 2013 /ms andm3 /m3

d Vgt 1 —m% cos 2019 + 2EV cos? 013 m% sin 26019 Vs

: _ 2 2 2
Z% vV, = E m5 cos 2012 m5 cos 2012 — 2EV cos® 013 vy,
Vs 2m§ Vs

Solving one gets:

3 )2 2 / 2 4
P€®€’ v = 013P® V(Am12, 912, V — VCOS 913) —|_ 813
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‘SV Solar Neutrino Oscillations: 615 |

For solar neutrinos

5; L sin®*%,;=0 C sin®*¥,;=0 1 [ sin®8,;=0 ]
()
3 2 2 v i i i l
P> =sin 4613+ cos? 0,3P “Y(Am35,,012) & Go(08) SK | L Sk | L K,
I e ~Ga(09) SNO | [Ga(09) NQJ
i S AlEd 4
ForE, < few x 100 KeV (Cl,Ga) 9 A 1L * +
P2 Am2. | 12099 - GS98  Borex—LE  Gsggy Borex—LE Agssog
m ~1— 58In ~ S— — —
ce ( 21, 012) 2 (2012) < [sin0,=0.04  1[ sin®8;=0.04 [ sin*0,=004 ]
() L 4L L
For E, 2> few x 1 MeV (SNO,SK) Lol 1L 1L
2 2 ~ w2 ~ 1t ih:
Pee (Ale, (912)_ S111 (912) ,,Eg C 1L 10
< _17 In Ini
9 F ER3 El3 E
& [ sin®,=0.1 | [ sin®,=0.1 || sin®®,=0.1
() L
Loyl
NE'N- :
<
10 ¢ El El3 E
107" 10" 1o’ 1
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Solar Neutrino Oscillations:f3

013 = 0 Best fit

10\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\
X [ Solar ]
i Before Soge(09) SNO(09) |
and Borexin

8  — Present (GS98 Fluxes) 7
I Present (AGSS09 Fluxes) |
- Present (AGSS09) A

61— with modifed Ga cross section R

0 |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

. 2
SIN“1Y,5

L sin®®,;=0 1 [ sin®*¥,;=0 1 [ sin®8,;=0 ]
, LGa(08) SK | L SK | | K,
-+ + 3F + 3 -
e SNQJ [Ga(09) SNOJ £Ga(09) NO
L o8y [+ (09) 1 |+ (09)
L . ClI 1L Cl i
i} + +
0 F 6987 [Borex—LE  gsgg FBorex—LE Agss09
Csin®8,=0.04 | | sin®8,;=0.04 | :sin%‘sw:‘o.bzﬁ T
1 = - = |
—1
10 & ENS 9F E
sin’85=0.1 | | sin®®=0.1 | | sin®®=0.1
1 =
—1
10 = I F qF =
107! 1o ! 1o ! 1
tan*9,, tan?9,, tan?9,,
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‘Solar + KamLAND and 645 |

For KamLAND: P3” = sin® 015 + cos* 613 P2Y (Am3,, 015)

2v,kam 2 Am?2, L
With P2 =1 — L sin*(260:2) sin® =521=

But Not very significant

1 ~N 10 T 11 T 1T T 1T T T T T T T T \
Better Agreement witlf;5 # 0 e T SO RamiAND 7]
< | Before Sage(09) SNO(09) d
1.6 e s and Borexino ]
R c GS98 i Present (GS98 Fluxes)

O 1.4F - I Present (AGSSO9 Fluxes) d
i - 1 F M oo Present (AGSS09) 1
O 1'2; B 6 with modifed Ga cross section N
~ 1} { L L
"gosr NTa— ‘r B
< 0.6 i - i i

0.4~ =4 F N 7]
02f sin“¥,;=0 e sm 15‘13 O 03 i
C Lo v by b v by 03 £ [ B [ \NT;\:.T.:t'J-.. pmtn ~ Ll ‘7
—~ 1.6 I I ] I T OO 0.01 0.02 0.03 0.04 0.05 0.06 0.07
T - AGSS09)  AGSS09 ,
R JE . Sin“d,s
| B ]
(@) L ]
: 1} { L
So7- 1 F . 0.021 +0.017 forGS98
r ] S11 013 =
04 1 F 0.017 £ 0.017 forAGSS09
- sin*8,5=0 1 sin®8,5,=0.025
0.1 Cov v v b b v e b b b

0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
2 2
tan“d,, tan“d,,



‘B—V Atmospheric Neutrino Oscillation: Effect of ng_imla

17
¢ In general one hastosolve:z'd—z =Hv H=U-HS U +V

1

Hf =
" 9E,

diag (—Am%l, 0, Am%z) V' = diag (iﬂGFNe, 0, O)



‘3—V Atmospheric Neutrino Oscillation: Effengt of ng_ima

dv
e In general one has to solve: Zd_l;:Hﬁ H=U -HS U +V
1
HY = s—diag (~Am3,,0,Am3,) V= diag (i\@GFNe, 0, 0)

e Hierarchical approximatiar Am3, < Am3; ~ Am3, = neglectAm3, in ATM

2 2
Pee = 1- 4513,mC13,m 531
_ 2 2 4 2 2 2 2 2 2
Puu = 1 —4875,,C13,,523 531 — 4813,,,823C53 S21 — 4C13,,,823C23 S32
2 2 2
Peyy = 4873,1,C13,m 823 S31
2
L. _ : 2 A (¥
Si;; = sin (4EV L)
2
2 . Am3zg sin 26013 .
Apzr = 2 (sin 2013 m 1 B, Ve
2 .
2 . Am32 sin 2013
AIU/32 - 2 (sin 2913,m _|_ 1 + EUV€
2 _ 2 sin 2913
Apzy = Amsy Sin 2013
. sin 2913
sin 2013, =

\/(C082(9 F 2E’/Ve) + sin? 2013
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‘B—V Atmospheric Neutrino Oscillation: Effect of 6,3 I

13— 913 Sy

B Normal B Inverted -

1.2 ++ + + 41.2 ++ + + .
e 1.1 f +++ + 1.1+ +++ +
2" 1"“'“":_':::#;::': NS
09+ =409 F .
SK sub-GeV (e)] | SK sub-GeV (e) ]

0'8-1 0.5 0 0.5 10'8-1 -0.5 0 0.5 1
1.37‘ I T ‘\““71.37““\“ L B

B Normal - B Inverted| 1

12 F 412 F .

| ] L ]

L bl O | e e

O oll] Tt~ -J11g.1 N
pd T |.’;I ] r —;L ]
~0 - r o & P ]
Z 1FF _,_____L'|'.‘_'::--— 1F -‘ _:L_‘-_--- -
09+ 4 —40.9F T T 4 ]

, SK multi-GeV'(e) | | SK multi-GeV'(e)

0'8-1 -0.5 0 0.5 10'8-1 -0.5 0 0.5 1

coso

No Oscillations

52,=0.00, $2,=0.35, Am3,=0
- $5,=0.04, 53,=0.35, Am3,=0
- $2,=0.04, $2,=0.65, Am3,=0

cos 0

Ne -
v’ 23
NeO "
— NMO
r= NeO
49 9 .2 (Am3, L sin20,5
Pe,u — 4513,m013,m Sl ( 4F, sin2013 m
' sin 261
sin 2913,m = ’
QEUVG 2 : 2
\/(cos 2013 F Am2, )2 + sin”“ 2013
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‘3—V Atmospheric Neutrino Oscillation: Effect of 6,3 I

No Oscillations

52,=0.00, $2,=0.35, Am3,=0
- $5,=0.04, 53,=0.35, Am3,=0
- $2,=0.04, $2,=0.65, Am3,=0

1.37““\““\‘ \““71.37““\““\““\““7

B Normal B Inverted -

2" gpoTmmmes :#_'::': ] St LT L :_l_'::':

09 F —40.9 .

SK sub-GeV ()] | SK sub-GeV (e)

0'8-1 -0.5 0 0.5 10'8-1 -0.5 0 0.5 1

1.37‘ T T ‘\““71.37““\“‘ L B

B Normal - B Inverted| 1

12 F 412 F .

| ] L ]

b | —— ——

O oll] Tt~ -J11g.1 N

pd I |.’;I ] r -';L ]

~0 I - ] r o & P

Z 1T— _’_—__:|:—_::—_ 17_ _‘ _—-L_'I—_-__

0.9+ 4 -~09 T T B ]

r SK multi-GeV'(e)1 ¢ SK multi-GeV'(e) 1

0'8-1 -0.5 0 0.5 10'8-1 -0.5 0 0.5 1

coso cos 0

Ne -
_ =( o2 1
N 1 = Pe,7(s33 — =)
_ NuO
r= NeO
. 9 9 . 92 Am?,l L sin26;;
Pe,u — 4813,m613,m Sl ( 4F, sin2013 m
' sin 261
sin 2913,m = ’
cos 2013 F 2By Ve y2 + sin? 2013
\/( Am%l )

e Multi-GeV : Enhancement due to Matter

Larger Effect in Normal
Possible Sensitivity to Mass Ordering
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‘3—V Atmospheric Neutrino Oscillation: Effect of 6,3 I

B Normal B Inverted - N
It It} © 1= P - )
ooiil H# 1 Jfﬂ> ] Neo
01, 11, 1
\q.) From— e L _I____ﬂl\i E— ________________ {i
z - Tom—mgo o 1) —————— S L : - N
e =
ot SK sub-GeV (e) 0.9; SK sub-GeV (e) P. = 452 2 . 2 (Am3, L sin20,5
08 e o5 1%%1 o5 0 05 1 ep = *513,mC13,m S 4E, sin2013,m
1.3~ T T T 13— I
: Normal i Inverted|{ . sin 2013
120 J12F 4 Sin 2013,m =
1, i | \/<cos 205 F 2Be¥e)2 1 sin? 20,5
OZCD 11 1T ';" *:1.1:5._':- *: 31
o Ll Rn® M I E L L P N E .
S r— i e H'T‘ T e Multi-GeV : Enhancement due to Matter
09 < | JooF I _
o0 0 es i 05 005 1 Pogsible Sensitivity to Mass Ordering
coso cos 0
—— No Oscillations
 ,20.00, 52,0.35, AmZ,=0 e Sub-GeV: Vacuum Os&maller Effect
- ——- s%,=0.04, $5,=0.35, Am3,=0
— - — - s%,=0.04, $5,=0.65, Am3,=0 2 1
rng923<%:>S§3<?:>N€(913)<N€0
0oz > % = S33 > 5 = Ne((glg) > N.o
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‘Amgl effects in ATM Data I

17
¢ In general one hastosolve:id—z =Hv H=U-HS U +V
1

2F,

HY = diag (—Am%l, 0, Am§2) V = diag (:I:\/§GFN€, 0, O)
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‘Amgl effects in ATM Data I

dv

 In general one has to solve: i—- = H 7 H=U-HS U +V
1
HY = o diag (—Am%l, 0, Am§2) V = diag (:I:\/§GFN€, 0, O)

e Neglectingfs:

Pee = 1 PeQ
_ 2

P€M — 023P€2
_ 4 2 2 /
.9 .2 (Am3, L sin26;,

P.o = sin” 2019, sin ( 1B, Sn %0 o

. sin 2(912
S1nN 2912,m =

\/(COS 2015 F QAET;%/E )2 + sin? 2615

~ 2 9 5\ L
¢ A~ (Am31+812Am21)2EV
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‘Amgl effects in ATM Data I

13— 13— ———
B Normal B Inverted
1.2 ++ + + —1.2 ++ + + -
> o11f +++ ;L fl.l* +++ ﬂ:
Z — .t e b e s ]
z' 1E———— '::_':lL_":'_ e -_—_—_--_J: ==
09+ —40.9 .
- SK sub-GeV (e)] | SK sub-GeV (e) 1
0'8-1 -0.5 0 0.5 10'8-1 -0.5 0 0.5 1
l.3k”‘w”‘ “““““Al-?’k““““ o T
i Normal| - i Inverted| -
12 F 412 F .
s BERE: 1
° 0l1f] |- J11EL.1 .
= - ‘< ; 1+t 8a |- |
=~ i =+ | =l 1 -,
e e ke o 1 M Mo ey ot --—l T
0.9 T T <+ | 09| T T 4| 4
- SK multi-GeV'(e)| | SK multi-GeV'(e) |
O'8-1 -0.5 0 0.5 10'8-1 -0.5 0 0.5 1
cos 6 cos 6

- — — §7,=0.04, 55,=0.35, Am3,=0
— - —- §7,=0.04, 5,=0.65, Am3,=0
§343=0.00, §5,=0.35, Am5,=10"* eV
573=0.00, 55,=0.65, Am5,=10"* eV*

. — w m

Ne _
P€2T(C%3 -

NeO

—1

1
7

)

Amgl L sin 2015

P., = sin? 2012.m sin? (

)

4EV sin 2912,m
<2
sin“ 260
sin 2012,y = 12
cos 2015 F 2EVYe V2 4 §in2 205



- Concha Gonzalez-Garcia
‘Amgl effects in ATM Data I

k Normal { | Inverted N
125 d12Lk ] © 1 =P 72, —1
. 144§ ] = oT\C =
*ﬂm Ftht b et
= 011k fl.lj + ﬂ;
e . r =
P Rty (e A Rty ¥ B Syl i LY bR : : Am3, L si
< 1»______—___}:__: 1j'————————-'-L_—"—: P@Q — Sln2 2912,7’)’1, Sln2 ( ZLE2i Sliggf;2m>
0.9 —~09F . . 5
ol SKSWGeV(@)| | SKSUGEV(®)|sin26;s,, = sin” 20
PRI o R LI, f(eos201z 7 2E)2 s 201,
; Normall{ | Inverted| 21
1.2 - H1.2 {
> o110] ﬁ Hiad+ -+ For Sub-GeV L
~ 41 ARES ] (Ama1)” . 2 .o VeL
R e e ne e P.o = sin” 2612 sin
= T’T 0 T T 1 “ T (2EW.)? 12
09 4 Jook e h
; i 1T i 1 6 L8 2 L~ N.(0 N
bal . SKmuiGeVie)| [ SKmuliGev(e)| (a3 < T = ¢33 > 5 = Ne(f13) > Neo
A -0.5 0 0.5 1 -1 -0.5 0 0.5 1 T 2 1
cos 6 cos 6 923 > 4 = C33 < p) = N6(913) < NeO
2 2 2 - . . .
— =~ 813=0.04, 553=0.35, Am;;=0 = Sensitiv to Deviations from Maximahs
— - —- §7,=0.04, 5,=0.65, Am3,=0 Sensitivity toOctant off
----- §2,=0.00, 52,=0.35, Am2,=10"* eV = SCNSIvILy 1oclant 0t
...... $2,=0.00, 52,=0.65, Am2,=10"* eV? (even for vanishings)

= Effect proportional to Am2,)?



Concha Gonzalez-Garcia

Beyond Hierarchical: Effect 613 x Ams3, in ATM

~or sub-GeV energies

N, 1 1 S— —
- —/ 2 ~2 —r 2 —~ =2 . :
20 1 ~ P.oF(c53 — =) + 2573T(853 — =) — T'S13C713 8in 2033(cos dcp Ry —sindopls)
= Tr Tr
P., = sin? 2012 m, sin? %’” sin 26012 m = 3;222/12
\/(cos 29122Fﬁ)2—|—sin2 2019
™21
RQ — —sin 2912,m COS 2912,m SiIl2 %m IQ = —%Sin 2912,m sin gbm
0.~ 2E,V. —~ 2 2 2 L
913 ~ 913 (1 + ﬁ%f) gb ~ (Amgl —I— S192 Amgl)m
125 LI I I I LI LI T | | | T T T LI
i Normal|] [ Inverted | |
15 _— —— — —_ B —— — | 6CP = -7
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oZa) - |-.L.1 2 1 - SN RS S P A A e 6CP:—TI73
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Z B T TH - 8.p = +T03
B 11 A - 3, =+2m3
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105 _I 1 1 1 | I I | | 1 1 | | | | I_ _I 1 1 1 | I I | | 1 1 | | | | I_

1
=

-0.5 0 0.5 1-1 -0.5 0 0.5 1
cos O cos O
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‘M'NOS V) — Ve. (913 I

With 3.15 x 102" POT: arXiv:0909.4996 PMINOS ~ gin2 99, 4 sin? 27 AmiL 4 05, Amd, )

35 events foR7 + 5 + 2 bckg (1.50 excess)
Slgnlflcance of),3 # 0 decreased

Ll R AN A L LAY RAAR LAY RAARI ALK RARRN 2
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GLOBAL ANALY SIS

GS98 (full) or AGSS09Y
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e 1 Sol+Kam GS98

Sol+Kam AGSS09

with modifed Ga CS

Le— ATM+CHOO0Z

" e ATM+CHOOZ 1
~ +LBL .

|—e— GLOBAL GS98

e it modied oS

0 0.02 0.04 0.06 0.08 0.1

sinY,;
GS98
L%l = 7.59 4+ 0.20 (+0'61)
10—5evZ 2 \-o0.60)
Am2, | —zart000 (Tg57)
1073 eVv? +2.44 £ 0.09 (172-39)
019 =344+1.0 (132)°
_ +5.2 (F11.3\0
623 =423 _5'g < —7.0)
013 =5971270 (< 12.6)°
sin2 013 = 0.0108 19018 (< 0.048)]
5CP € [O, 360]
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‘ LSND/MInNIBOONE/MINOS:CPT Violation? I

From Global Fit to Solar+ATM+Reactor+MINOS with-3aand 3 andCPT

1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8
. 2=
sin 912

| 1 1
7 8 9
—2 5 2
Am,, [10" eV']

10

[10° eV

2
31

Am

n
o

e b b g a1 0
0.2 0.4 0.6 0.8 1

. 2=
sin 923

25 F

= | >

N} N
T T

'
w
TTTT

—2 -3 2
Am,, [10 " eV7]

2,0PT _ 2,C0PF_ 4 ¢

main maan

Driven Mostly By MINOS

But Ams; <3 x 10°°
Not possible to explain
MiniBooNE only with CPT

More (sterile) states
+ CPT or new CP violation?
Akhmedov,Schwetz 1007.4171

Barger,Marfatia (2003). ..
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‘Summary and Some Open Questions I

Present Determination of NMS% = 7.59 +0.20 (T588)
—2.41 £ 0.09 (F557)
+2.44 +0.09 (1537)

2
Am31 _
10—3 eV?2

0.79 — 0.86 0.50 — 0.61 0.00 — 0.20
\Urep|3e = | 0.25 — 0.53 0.47 — 0.73 0.56 — 0.79
0.21 — 0.51 0.42 — 0.69 0.61 — 0.83
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‘Summary and Some Open Questions I

Present Determination of NMSM:2221 . — 7.59 +0.20 (091 |

—0.69
am2, ) —241£0.09 (739
10—3 eV2

+2.44 +0.09 (15:39)

0.56 — 0.79

0.79 — 0.86 0.50 — 0.61 0.00 — 0.20
ULEP |30 = (0.25 — 0.53 0.47 — 0.73 )
0.21 — 0.51 0.42 — 0.69 0.61 — 0.83

with structure

751+ 0W) 2= (1—-0(N)) ¢
Uep|~ [ —30-0) +¢) 31+0N) -6 I |A~02
;1-0N) —¢) —31+0N) ¢ -5/ €302
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‘Summary and Some Open Questions I

Present Determination of NMSM:2221 . — 7.59 +0.20 (091 |

—0.69
Am3, { —2.41+40.09 (F939)

10-3 eV2
+2.44 +0.09 (15:39)

0.56 — 0.79

0.79 — 0.86 0.50 — 0.61 0.00 — 0.20
[ULEP|30 = <0.25 — 0.53 0.47 — 0.73 )
0.21 — 0.51 0.42 — 0.69 0.61 — 0.83

with structure

751+ 0W) (1 —=0() ¢
ULep| ~ | —3(1-0N)+¢ 10+0N)-¢) 5 |Ar~02
;1-0N) —¢) —31+0N) ¢ -5/ €302

O(\?)

1 O O
very different from quark’s |{/q | ~ ( O(N) 1 ) A~ 0.2
O(N%) O(N\?) 1
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‘Summary and Some Open Questions |

We still ignore:

f

(1) Isf,3 # 0? How small?

(2) Isty3 = Z?1f not, is it > or <?

(3) Is there CP violation in the leptolis 6 # 0, 7)?
(4) What is the ordering of the neutrino states?

(5) Mass Scale: are neutrino masses
hierarchical m; — m; ~ m; +m; ?
degeneratedn; — m; < m; +m; ?

(6) Dirac or Majorana?

We have unsolved puzzles:

—\We lack a sensible explanation of LSND and MiniBooNE
—\We have 7 difference between,, andv,, in MINOS

Also interesting information on:

—Natural (atmospheric, solar, earth) neutrino fluxes
—More exotic forms of new physics
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\ Plan of Lectures |

Introduction: The New Minimal Standard Model
Effects ofvr mass: Oscillations in Vaccum and Matter
Atmospheric Neutrinos

Solar Neutrinos

Accelerator and Reactor Neutrinos

Fitting all Together and Subleading effects
Summary

PS:The Near Future Experimental Program and Its Challenges
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‘Neutrino Parameters: Future Strategies I

Am?

e Oscillation Probabilities in Earthd,; = ——-* By = Ag1+Ve (Ve ~ 107" eV)

VeV (Dely)

P(v, — vy)

P(ve — ve)

2

2

2E
J = C13 Sln 2913 Sln 2923 sin 2912

As
333 sin? 2013 (B—j:> sin ( )
~ A2 Az1 Vel 31 L
J —— —— sin sin cos & COS

~ A10 A L L
12 291 (VE )Sln >51n5sm< 51 >—|—

J —— —— sin
A12>813)

Asq1 L

1 — c%5 sin? 2693 sin (

Asz1 L Ag1 L
1 — sin® 293181n2( 321 )—03181n2< 221 >
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‘Neutrino Parameters: Future Strategies I

m2.
e Oscillation Probabilities in EarthA;; = A2E” By = Az31£VE (Vg ~ 10713 eV)

J = C13 Sln 2913 Sln 2923 sin 2912

. Asq 2 . B+ L
Bhevy(@epy) = s53 sin” 2013 (B—> Sm2< jg )

:F
~ A1o A Vel B L Aa1 L
+ J —l2 25l sin <L> sin <i> cos 0 cos( 31 )
~ A1o A L Aaq1 L
e Jﬁisi (VE )sm )sin5sin( 51 >—|—

2

P(vy — vy) + O(A12>813)

(5
A3y L>

1 — c%5 sin? 2693 sin (

Asz1 L Ag1 L
1 — sin® 293181n2( 321 )—03181n2< 2 >

P(ve — ve) >

2

—sgnAms3,): Need ofmatter effects= very long L
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‘Neutrino Parameters: Future Strategies I

m2.
e Oscillation Probabilities in EarthA;; = A2E” By = Az31£VE (Vg ~ 10713 eV)

J = C13 Sln 2913 Sln 2923 sin 2912

. Asq 2 . B+ L
Bhevy(@epy) = s53 sin” 2013 (B—> Sm2< j; )

:F
~ A1o A Vel B L Aa1 L
+ J —l2 25l sin <L> sin <i> cos 0 cos( 31 )
~ A1o A L Aaq1 L
e Jﬁisi (VE )Sln )sin5sin( 51 >—|—

2

P(vy — vy) + O(A127813)

(5
A3y L>

1 — c%5 sin? 2693 sin (

A3y L Ao L
P(ve —» ve) =~ 1—sin®203; sm2( 321 )—031 Sln2< 221 >

—sgnAms3,): Need ofmatter effects= very long L

—013: Very intensev,, or v, beamwith low background
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‘Neutrino Parameters: Future Strategies I

A
27];” Bi = A31:|:VE (VE ~ 10_13 eV)

J = C13 Sln 2913 Sln 2923 sin 2912

. Asq 2 . B+ L
Bhevy(@epy) = s53 sin” 2013 (B—> SIHQ( j; )

e Oscillation Probabilities in Earthd;; =

:F
~ A1o A L B L Aa1 L
+ J —l2 25l sin (VL> sin <i> cos 0 cos( 31 )
~ A1o A Ve L Aaq1 L
e J—l2 i sin ( 2 )sm( )smésm( 51 >—|—
Aaq1 L
P(l/,u — V,u) ~ ] — 6%3 sin? 2053 sin ( 31 > + O(Alz, 813

A3y L Ao L
P(ve —» ve) =~ 1—sin®203; sm2( 321 )—031 Sln2< 221 >

—sgnAms3,): Need ofmatter effects= very long L
—013: Very intensev,, or v, beamwith low background

—@P: All angles andAm? non vanishing= Ams3, in LMA and6;3 not too small
Intense beams with exchangeable initial staté’ X
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‘ Experimental Set-ups |

e Conventional (=fromr decay) Superbeams

Source Oscillation Detection EXp L <E >
, T2K 205km  0.76 GeV
>99% 4 (7)) (Japan)
m,K <>‘:_<
s S Nova  812km 2.22GeV
Ve O (Fermilab)
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‘ Experimental Set-ups |

e Conventional (=fromr decay) Superbeams

Source Oscillation Detection EXp L <E >
T2K 295km  0.76 GeV
(Japan)

(7))}
X
+ Nova 812km 2.22 GeV
O (Fermilab)

Vu
>99%
7r,K<
<1%
Ve
e Reactor Experiment with 2 Detectdienly 03]

P(ve — v,) ~ 1 — sin” 203, sin” (%)

CHOOZII, Daya-Bay, Reno
(Fy ~4MeV L~ 1-2km
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‘ Experimental Set-ups |

e Conventional (=fromr decay) Superbeams

Source Oscillation Detection EXp L <E >
, T2K 205km  0.76 GeV
>99% 4 (7)) (Japan)
m,K '
s I Nova  812km 2.22GeV
Ve O (Fermilab)

e Reactor Experiment with 2 Detectdienly 03]

CHOOZII, Daya-Bay, Reno

P(ve — 1) ~ 1 — sin” 203, sin? ( (E) ~ 4 MeV I ~ 1-9 km

e v-factory: v beam fromy decay
Source Oscillation Detection

~ 20-50 GeV
< L ~ 700~7000 km
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‘ Experimental Set-ups |

e Conventional (=fromr decay) Superbeams

Source Oscillation Detection EXp L <E >
, T2K 205km  0.76 GeV
>99% 4 (7)) (Japan)
m,K <>‘:_<
s S Nova  812km 2.22GeV
Ve O (Fermilab)

e Reactor Experiment with 2 Detectdienly 03]

CHOOZII, Daya-Bay, Reno

Plve = ve) >~ 1— sin? 265, sin® ( (E) ~ 4 MeV i e 1) e

e v-factory: v beam fromy decay
Source Oscillation Detection

e K

e 3-beam: Beam ofpurev, or v, from heavy-ion decay: SHet™ —§ Litte™ v,

~ 20-50 GeV
L ~ 700—7000 km
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‘Possible Time Scale In Sensitivity (@3 I

sin 20,3 discovery potential (NH, 30 CL)

1072 | — 1
£
O
@ I.-
9 oo
>
o o
3 : /
% 107! l Double Chooz
(92]
<
AN
=
(7]

Current bound (3
10° ~Current bound (30)

2010 2012 2014 2016 2018
Year
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‘Challenge at Future LBL: Parameter Degeneracief

. Asq 2 . B+ L
PI/eVM(DeDM) ~ 33381n22913 (B—> st (%)

:F
~ A1o A L B L Aa1 L
+ J —l2 29l sin (VL> sin <i> cos 0 cos( 31 )
VE Bx 2 2 2
~ A
+ J -2 ﬁ sin (E> sin (E> sin 0 sin(A31L> 4+ ...
VE Bz 2 2 2

Asq1 L

P(vy, —v,) =~ 1— cigsin? 20,3 sin? (

> + O(A12, s13)
Ama

Aijj==55> Bi=AnxVg

J = C13 SiIl2 2913 Sin2 2(923 SiIl2 2012




Concha Gonzalez-Garcia

‘Challenge at Future LBL: Parameter Degeneracief

. Asq 2 . B+ L
PI/eVM(DeDM) ~ 33381n22913 (B—> st (%)

:F
~ A1o A L B L Aa1 L
+ J —l2 29l sin (VL> sin <i> cos 0 cos( 31 )
VE Bx 2 2 2
~ A
+ J -2 ﬁ sin (E> sin (E> sin 0 sin(A31L> 4+ ...
VE Bz 2 2 2

Asq1 L

P(vy, —v,) =~ 1— cigsin? 20,3 sin? (

> + O(A12, s13)
Ama

Aijj==55> Bi=AnxVg

J = C13 SiIl2 2913 Sin2 2(923 SiIl2 2012

(@) 023 < 5 — 023 ambiguity:
PI/MI/M X SiIlZ 2923 andpueyu(ﬂeﬂu)(QQ?n 9137 5) — Pyeyu(ﬂeﬂu)(g — 9237 9/137 5/)
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‘Challenge at Future LBL: Parameter Degeneracief

. Asq 2 . B+ L
Pyeuu(ﬂeﬁu) ~ 333811&22913 (B—> SlIl2 (%)

:F
~ A1o A Ve L B L Aa1 L
+ J —l2 29l sin B sin [ ——= ) cos§ cos 31
VE Bx 2 2 2
~ A1o A Ve L B-L Aaq1 L
e Jﬁisin (L sin (i sin5sin( 51 4+ ...
VE Bz 2 2 2
Asq1 L
P(vy, —v,) =~ 1— cigsin? 20,3 sin? ( 31 > + O(A12, 5%5)
Ay = —AQTEan By = A3 £ Vg

J = C13 SiIl2 2913 Sin2 2(923 SiIl2 2012

(@) 023 < 5 — 023 ambiguity:
PI/“I/M X SiIlZ 2923 andpueyu(ﬂeﬂu)(QQ?n 9137 5) — Pyeyu(ﬂeﬂu)(g — 9237 9/137 5/)
(b) (013, 9) ambiguity:
Pyeyu(ﬂeﬂu)(el& 5) — Pueyu(ﬂeﬂu)(ell?,a 5/)
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‘Challenge at Future LBL: Parameter Degeneracief

. Asq 2 . B+ L
PI/eVM(DeDM) ~ 33381n22913 (B—> st (%)

:F
~ A1o A Ve L B L Aa1 L
+ J —l2 29l sin B sin [ ——= ) cos§ cos 31
VE Bx 2 2 2
~ A1o A Ve L B-L Aaq1 L
e Jﬁisin (L sin (i sin5sin( 51 4+ ...
VE Bz 2 2 2
Asq1 L
P(vy, —v,) =~ 1— cigsin? 20,3 sin? ( 31 > + O(A12, 5%5)
Ay = —AQTEan By = A3 £ Vg

J = C13 SiIl2 2913 Sin2 2(923 SiIl2 2012

(@) 023 < 5 — 023 ambiguity:
PI/MI/M X SiIlZ 2923 andpueyu(ﬂeﬂu)(QQ?n 9137 5) — Pyeyu(ﬂeﬂu)(g — 9237 9/137 5/)
(b) (013, 9) ambiguity:
Pyeyu(ﬁeﬂu)((gl& 5) — PVeI/M(DeDM)(Q/l?ﬁ 5/)

(c) (sgnAm3,, §) ambiguity:
P, ., (5.5,) (sgnAm3,, ) = P, ., (5.5,) (—sgnAm3,,d")
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‘Challenge at Future LBL: Parameter Degeneracief

. Asq 2 . B+ L
Pyeuu(ﬂeﬁu) ~ 333811&22913 (B—> SlIl2 (%)

:F
~ A1o A Ve L B L Aa1 L
+ J —l2 29l sin B sin [ ——= ) cos§ cos 31
VE Bx 2 2 2
~ A1o A Ve L B-L Aaq1 L
e Jﬁisin (L sin (i sin5sin( 51 4+ ...
VE Bz 2 2 2
Asq1 L
P(vy, —v,) =~ 1— cigsin? 20,3 sin? ( 31 > + O(A12, 5%5)
Ay = —AQTEan By = A3 £ Vg

J = c13sin? 263 sin? 263 sin? 2645
3 3 3

(@) 023 < 5 — 023 ambiguity:
PI/“I/M X SiIlZ 2923 andpueyu(ﬂeﬂu)(QQ?n 9137 5) — Pyeyu(ﬂeﬂu)(g — 9237 9/137 5/)
(b) (013, 9) ambiguity:
Pyeyu(ﬂeﬂu)(el& 5) — Pueyu(ﬂeﬂu)(ell?,a 5/)

(c) (sgnAm3,, §) ambiguity:
P, ., (5.5,) (sgnAm3,, ) = P, ., (5.5,) (—sgnAm3,,d")

|

If only total number ot., v, 7. andv, at given Lare measurees- 8-fold degeneracy
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: As1\? . B L
P’/eV,u(Delj'u) ~ 333 Sln2 2913 (E) Sln2 ( :[2: )

~ A1o A Ve L B L Aaq1 L
+ J —le 29t sin <L> sin <i> Ccos 0 COSs ( 31 )

~ A
+ J -l ﬁ sin <E> sin (E> sin 0 Sin(A31L> 4+ ...
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. Asq 2 ) B+ L
Phevy(@ery) = 533 sin” 2013 (B—> sin” (%)
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~ A1o A L B L A
+ J —le 29t sin (VL> sin <i> Ccos 0 cos( 31L>
VE Bx 2 2 2
~ A1o A
+ J e sin (E> sin (E> sin 0 sin<A31L> 4+ ...
VE Bx 2 2 2

e Go tomagicbaselines

At L = %/—77 ~ 7500 km = Only first term survives

Unambiguougletermination of);3 butno sensitivity to CP violatio%és%%gbit)
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. Asq 2 ) B+ L
Phevy(@ery) = 533 sin” 2013 (B—> sin” (%)

:F
~ A1o A L B L A
+ J —le 29t sin (VL> sin <i> Ccos 0 cos( 31L>
VE Bx 2 2 2
~ A1o A
+ J e sin (E> sin (E> sin 0 sin<A31L> 4+ ...
VE Bx 2 2 2

e Go tomagicbaselines

At L = %/—77 ~ 7500 km = Only first term survives

Unambiguougletermination of);3 butno sensitivity to CP violatio%és%%gbit)

T E 2.2x103
At [ = A5 = 560kaev AmZ, = cos 0 term cancels out

(013, ) ambiguity brokerbut others remain
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: As1\? . B L
P’/eV,u(Delj'u) ~ 333 Sln2 2913 (E) Sln2 ( :[2: )

~ A1o A Vel B L Asq1 L
+ J —le 29t sin <L> sin <i> Ccos 0 COSs ( 31 )

- Ao A A
+ JﬁB—Blsin<%> sin(%) sinésin< 31L> 4+ ...

e Go tomagicbaselines
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At [ = A5 = 560kaev AmZ, = cos 0 term cancels out

(013, ) ambiguity brokerbut others remain

e Combinemeasurements at differeptand differentE
Need several detectors and/or several beams
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: As1\? . B L
P’/eV,u(Delj'u) ~ 333 Sln2 2913 (E) Sln2 ( :[2: )

~ A1o A Ve L B L Aaq1 L
+ J —le 29t sin <L> sin <i> Ccos 0 COSs ( 31 )

~ A10 A L B L Asq1 L
+ JﬁB—glsin(v%> sin(%) sin5sin( 51 )—I—

e Go tomagicbaselines

At L = %/—77 ~ 7500 km = Only first term survives

Unambiguougletermination of);3 butno sensitivity to CP violatio%és%%gbit)

T E 2.2x103
At [ = A5 = 560kaev AmZ, = cos 0 term cancels out

(013, ) ambiguity brokerbut others remain

e Combinemeasurements at differeptand differentE
Need several detectors and/or several beams

e \Wide-band superbeaallowing for spectrum measurements (£, )
Need detector with good energy resolution
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‘Future LBL: Cures of Degeneracies I

: As1\? . B L
PVeV,u(DeD'u) ~ 333 Sll’l2 2913 (E) Sln2 ( :[2: )

~ A1o A Ve L B L Aaq1 L
+ J —le 29t sin <L> sin <i> Ccos 0 COSs ( 31 )

~ A1o A L B
+ J e sin (VL> sin (iL> sin 0 Sin(A31L> 4+ ...

e Go tomagicbaselines

At L = %/—77 ~ 7500 km = Only first term survives

Unambiguougletermination of);3 butno sensitivity to CP violatio%és%%gbit)

T E 2.2x103
At [ = A5 = 560kaev AmZ, = cos 0 term cancels out

(013, ) ambiguity brokerbut others remain

e Combinemeasurements at differeptand differentE
Need several detectors and/or several beams

e \Wide-band superbeaallowing for spectrum measurements (£, )
Need detector with good energy resolution

e Use“silver” oscillation channels, — v, andv, — v,
Need higher beam energy and high resolution detector



