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\uintheSM |

The SM is a gauge theory based on the symmetry group
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e By 2015 we have observed with high (or good) precision:

+ Atmosphericv,, & v,, disappear most likely to. (SK,MINOS, ICECUBE)
+ Acceleratorv, & v, disappear af. ~ 250[700] Km (K2K, bf T2K, MINOS)
* Some acceleratar, appear ag,. atL ~ 700 Km ( T2K, MINOS)

+ Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexing

x Reactolv, disappear aL ~ 200 Km (KamLAND )

x Reactolr, disappear al. ~ 1 Km (D-Chooz,Daya Bay, Reng
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e By 2015 we have observed with high (or good) precision:

+ Atmosphericv,, & v,, disappear most likely to. (SK,MINOS, ICECUBE)
+ Acceleratorv, & v, disappear af. ~ 250[700] Km (K2K, bf T2K, MINOS)
* Some acceleratar, appear ag,. atL ~ 700 Km ( T2K, MINOS)

+ Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexing

x Reactolv, disappear aL ~ 200 Km (KamLAND )

x Reactolr, disappear al. ~ 1 Km (D-Chooz,Daya Bay, Reng

All this implies thatL,, are violated
and There is Physics Beyond SM
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\The New Minimal Standard Model |

e Minimal extension to introducé,, violation = give Mass to the Neutrino:
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e A fermion masss alLeft-Rightoperator :L,,,, = —my frfr + h.c.
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\u Mass Terms: Dirac Mass |

e A fermion masss aleft-Rightoperator :.£,,,, = —myfrLfr + h.c.
e One introduces; which can couple to the lepton doublet by Yukawa interaction

~

LY = N ugiLét + hee. (6 = iT20")

e Under spontaneous symmetry—breakmié) = [Dirac)

1Irac 1 1% C —
£Pirac) — _gEMYu + hoe. = —i(uRMDuL+( D)eMb" (vr))+hc. = — kaukDu,?
k

mass

MY, = %)\” v =Dirac mass for neutrinas Vi MpV"¥ = diag(m1, ma, ms)

= The eigenstates ad¥/, are Dirac particle¢same as quarks and charged leptons)
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\u Mass Terms: Dirac Mass |

e A fermion masss aleft-Rightoperator :.£,,,, = —myfrLfr + h.c.
e One introduces; which can couple to the lepton doublet by Yukawa interaction

LY = N ugiLét + hee. (6 = iT20")

e Under spontaneous symmetry—breakmié) = [Dirac)

1Irac 1 1% C —
£Pirac) — _gEMYu + hoe. = —i(uRMDuL+( D)eMb" (vr))+h.c. = —kaukDu,?

mass

MY, = %)\” v =Dirac mass for neutrinas Vi MpV"¥ = diag(m1, ma, ms)

= The eigenstates ad¥/, are Dirac particle¢same as quarks and charged leptons)

= Total Lepton numbeis conservedy constructior{not accidentally.

=e "YU

Ul)pv=e¢*ry and U(1l)g
Ul)pv® =e@v® and U

) pC — et ,C



Neutrinos ‘ 1) MaSS Terms MajOrana MaSS Ioncha Gonzalez-Garcia

e Onedoes nointroducery but uses that the field ;)¢ is right-handed, so that one
can write aLorentz-invarianimass term

: 1— 1
r(Maj) _ —§VEMJ’(4VL +h.c. = —5 kaﬁ,;MVZM
k

mass

v =Majorana mass far's is symmetric V' My, V¥ = diag(m1, ma, ms)

= The eigenstates ad¥/;, are Majorana particles
M = VVTy + (VPTup)e (verify vM5 =M )
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e Onedoes nointroducery but uses that the field ;)¢ is right-handed, so that one
can write aLorentz-invarianimass term

: 1— 1
r(Maj) _ —§VEMJ’(4VL +h.c. = —5 kaﬁ,;MVZM
k

mass

v =Majorana mass far's is symmetric V' My, V¥ = diag(m1, ma, ms)

= The eigenstates ad¥/;, are Majorana particles

M = VVTy + (VPTup)e (verify vM5 =M )

()

= But SU(2), gauge inv is brokee> £M29) hot possible at tree-level in the SM

e Moreover under any/ (1) symmetry withU (1) v = ¢'“ v

Ul ve=e v and U(l)T=e¢ U so U(1)ve=eve°

= £ preaksl (1) (so it can only appear for particles without electric charge

= Breaks Total Lepton Numbes- L%SQ) not generated at any loop level in the SM

e in SM B — L is non anomalouss £iatd) not generated non-perturbatively in SM
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\The New Minimal Standard Model |

e Minimal extension to introducé,, violation = give Mass to the Neutrino:

x Introducerrp AND imposeL conservatior= Diracv # v°.
L=Lsy — M,vrvg + h.c.

« NOT imposeL conservationr= Majoranav = v°
L=Lspn — %Myﬁyg + h.c.
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\The New Minimal Standard Model |

e Minimal extension to introducé,, violation = give Mass to the Neutrino:

x Introducerrp AND imposeL conservatior= Diracv # v°.
L=Lsy — M,vrvg + h.c.

« NOT imposeL conservationr= Majoranav = v°
L=Lspn — %Myﬁug + h.c.

e The charged current interactions of leptons are not didgeame as qguarks)
9w+ ij 7 | ij 770 '
—W Urvp 0 Lv? + U, U~HLD’) + h.c.
J2 ; ( LEP Y Y ckm VY )

Vj uj
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‘Lepton MiXing I

e Charged current and mass fbcharged leptong; and/V neutrinos/; in weak basis

3
Loct+ Ly = ——= ZEL ﬂ“l/iWWj— Z EW Mgw —— Z VCWMV” v W 1h.c.

i,J=1 i,j=1
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‘Lepton MiXing I

e Charged current and mass fbcharged leptong; and/V neutrinos/; in weak basis

3
Loc+Ly = — ZEL ny“VF/WJ— Z EW Mgw —— Z VCWMVZJ 2 W 1h.c.

iaj 1 ,j 1
e Changing to mass basis by rotations

|44 W W _yv,,.
KL VL’LJKL J KR VR’LJKR J viw = V;jyj

VfTMgV}% = diag(me, my, m;) v VY = diag(m%, m%, m%, . ,m%\,)

V{ r= Unitary 3 x 3 matrices V¥= Unitary N x N matrix.
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‘Lepton MiXing I

e Charged current and mass fbcharged leptong; and/V neutrinos/; in weak basis

3
Loc+Ly = — ZEL ny“VF/WJ— Z EW Mgw —— Z VCWMVZJ 2 W 1h.c.

i,J=1 i,j=1

e Changing to mass basis by rotations

62/ VL’LJKL J gg/ VR’LJKR J V?LVV — ‘/ZI]/VJ
VlgTMgvfg = diag(me, m,, m;) VT M, VY = diag(m2, m2,m2, ..., m%)
V{ r= Unitary 3 x 3 matrices V¥= Unitary N x N matrix.

e The charged current in the mass basis

g ij
G UEZEP Vj W:

Lo = — -
ccC \/§

ik
Upgp = 3 x N matrix U7, = ZP%VI?T vvk py
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‘Lepton MiXing I

ik
Urgp = 3 x N matrix U7, = ZPE vt ykipy

e P/ phase absorbed in P/, phase absorbed in (only if v; is Dirac)

o ULEPULEpzlgxg but in general U{EPULEP%INxN
= for N = 3+ s: 3s+ 3 angulos an@s + 1 (3s + 3) phases foDirac (Majorana)
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‘Lepton MiXing I

ik
Urgp = 3 x N matrix U7, = ZPE vt ykipy

e P/ phase absorbed in P/, phase absorbed in (only if v; is Dirac)

o ULEPULEpzlgxg but in general U{EPULEP%INxN
= for N = 3+ s: 3s+ 3 angulos an@s + 1 (3s + 3) phases foDirac (Majorana)

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

1 0 0 C13 0 31361.(S C21 S12 0
Uep =10 C23 S23 0 1 0 —S812 C12 0

0 —so93 C23 —813€_i6 0 C13 0 0 1
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‘Lepton MiXing I

ik
Urgp = 3 x N matrix U7, = ZPE vt ykipy

e P/ phase absorbed in P/, phase absorbed in (only if v; is Dirac)

o ULEPULEpzlgxg but in general U{EPULEP%INxN
= for N = 3+ s: 3s+ 3 angulos an@s + 1 (3s + 3) phases foDirac (Majorana)

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

X

1 0 0 C13 0 S13€ C21 S12 0
Uep =10 C23 S23 0 1 0 —S812 C12 0
0 —S923 C23 —813€_i6 0 C13 0 0 1

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

1 0 0 c13 0 81361'(S Cc21 s12 0O 1 0 0
Uegp = | 0 C23 5923 0 1 0 —S12 c12 O 0 e'92 0

0 —s23 c23/\—s13e7 0 c13 0 0 1 0 0 et?3
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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 . ..
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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 . ..

¢ I[N generainteraction eigenstates propagation eigenstates

1 ”
e
V2 _
ULgp = | v,
Vs ”
-

= Flavour is not conserved during propagation
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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 . ..

¢ I[N generainteraction eigenstates propagation eigenstates

ULgp = | v,

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

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

— Misalignmentbetween interaction and propagation state$/)
— Differencebetween propagatiomgenvalues
— 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 )= ZUai 23
1 =1

U 1s the leptonic mixing matrix.

e After a distancel. (or timet) it evolves

v (t))= ZUm!m(t»
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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 )= ZUai 23
1 =1

U 1s the leptonic mixing matrix.

e After a distancel. (or timet) it evolves

v (t))= ZUm!m(t»

e it can be detected with flavoutr with probability

Pop = [(vp()va(0)1 = | Y Uail; (vi(t) i (0))?

g=1l
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\Vacuum Osclllations |

Pop = [{vs(®)|va(0)* = | D _ Uasl; (wi(t)[1i(0))

1=1

e The probability

e We call £/; the neutrino energy ana; the neutrino mass
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\Vacuum Osclllations |

Pop = [{vs(®)|va(0)* = | D _ Uasl; (wi(t)[1i(0))

g=1l

e The probability

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

e Under the approximations:

(1) |v) is aplane waves |v;(t)) = € ~' 7

v;(0))

Pop = bap —4 Y REUSUpiUa;Up;lsin® (%) +2) IM[U;UpiUa;Uglsin (Aij)
JF#1 JF#1
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Pop = [{vs(®)|va(0)* = | D _ Uasl; (wi(t)[1i(0))

g=1l

e The probability

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

e Under the approximations:

(1) |v) is aplane waves |v;(t)) = € ~' 7

v;(0))
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m2

Ez':\/p?er?’ipiané
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\Vacuum Osclllations |

Pop = [{vs(®)|va(0)* = | D _ Uasl; (wi(t)[1i(0))

g=1l

e The probability

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

e Under the approximations:

(1) |v) is aplane waves |v;(t)) = € ~' 7

v;(0))

Pop = bap —4 Y REUSUpiUa;Up;lsin® (%) +2) IM[U;UpiUa;Uglsin (Aij)
JF#1 JF#1

(2) relativisticv

m2

Ez':\/p?er?’ipiané

(3) Lowestorderinmasg; ~p; =p~ E

2 _ m2
Bij _ g g™ L/E
2 eV? Km/GeV




Neutrinos Concha Gonzalez-Garcia

\Vacuum Oscillations |

e The oscillation probability:

= * * : Az * * :
Pog = 8ap — 4ZRe[UMUmUajU5j]8m2 (TJ> 4 ZZIm[UMUmUajUBj]Sln (Ag;)
JFi JFi
Ay _ (B-B)L _ 27(m?—m§) L/E
2 2 - eV? Km/GeV
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\Vacuum Oscillations |

e The oscillation probability:

— * * : Az * * :
Pog = 8ap — 4ZRe[UaiU5anjUﬁj]sm2 (TJ> 4 22|m[UaiU5anjUﬁj]sm (Ag;)
JFi JFi
Ay _ (B-B)L _ 27(m?—m§) L/E
2 2 - eV? Km/GeV

. - A,
— The first term 6o — 4 ) Re[U,UpiUa;Uj;]sin® (7’) equal forr (U — U*)

71 — conserveP
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\Vacuum Oscillations |

e The oscillation probability:

— * * : Az * * :
Pog = 8ap — 4ZRe[UaiU5anjUﬁj]sm2 (TJ> 4 22|m[UaiU5anjUﬁj]sm (Ag;)
JFi JFi
Ay _ (B-B)L _ 27(m?—m§) L/E
2 2 - eV? Km/GeV

. - A,
— The first term 6o — 4 ) Re[U,UpiUa;Uj;]sin® (7’) equal forz (U — U”)
i — conservesP
— The last pieci 2 Im[U7,Ug:Ua;Uj,lsin (A;) opposite sign for

J7 — VviolatesCP
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\Vacuum Oscillations |

e The oscillation probability:

— * * : Az * * :
Pog = 8ap — 42R€[UaiU5anjU5j]31n2 (Tj> 4 22|m[UMUBanjUBj]sm (Ag;)
JFi JFi
Ay _ (B-B)L _ 27(m?—m§) L/E
2 2 - eV? Km/GeV

. - A,
— The first term 6o — 4 ) Re[U,UpiUa;Uj;]sin® (7]) equal forr (U — U*)
i — conservesP

— The last pieci 2 Im[U7,Ug:Ua;Uj,lsin (A;) opposite sign for

I — violatesCP
e P, 3 depends on Theoretical Parameters and on ExperimentaParameters:
e Am;; =m; —m; The mass differences e E The neutrino energy
o U, The mixing angles e [ Distancer source to detector

(and Dirac phases)
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\Vacuum Oscillations |

e The oscillation probability'

Ai' * * .
Pog = 0ap — 4ZRe[UazUBZUa3U53]Sln (7‘7> - ZZIm[UOﬂ'UBanjUBj]SIH (Aij)
JFi JFi
_ (Ei—Ej)L _ (mi—m7) L/E
2 2 = LT eV: Km/GeV

. - A,
— The first term 6o — 4 ) Re[U,UpiUa;Uj;]sin® (7’) equal forr (U — U*)

71 — conserveP

— The last pieci 2 Im[U7,Ug:Ua;Uj,lsin (A;) opposite sign for

I — violatesCP
e P, 3 depends on Theoretical Parameters and on ExperimentaParameters:
e Am;; =m; —m; The mass differences e 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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\2-u Oscillations |

0 in 0
OFOI'Z-I/ZU—( o8 o )

—sinf® cos0

1 _Posc \/
POSC — Sln (26) Sln (A4E ) Appear e)\zﬂ E/(1.27 Amz)
Paa =1 — Posc Disappear r \/_\
= sin®2
L (distance)

e For 2 oscillation Prob in vaccumame ford andg-é’
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\u Interactions |

e SM Weak Interactionss g*?P ~ 10_386m2%

e Take atmospherie’s: ®2™ = 1 ypercm? persec and (FE,) =1 GeV

e How many interact™ a human body:

_ L vp human human
Nipg = @, X 077 X Nprot X e (M x T = Exposure)

human
Npiotons = #—— x Na = 80kg x Na ~ 5 x 10%*protons | Exposurenuman

Thuman

= 80 years = 2 x 10” sec ~ Ton X year
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_ L vp human human
Nipg = @, X 077 X Nprot X e (M x T = Exposure)
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\u Interactions |

e SM Weak Interactionss g*?P ~ 10_386m2%

e Take atmospherie’s: ®2™ = 1 ypercm? persec and (FE,) =1 GeV

e How many interact™ a human body:

_ L vp human human
Nipg = @, X 077 X Nprot X e (M x T = Exposure)

human
Npiotons = #—— x Na = 80kg x Na ~ 5 x 10%*protons | Exposurenuman

Thuman

= 80 years = 2 x 10” 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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‘u Oscillations: Experimental Probesl

e Generically there are two types of experiments to search @mcillations :

Disappearance Experiment Appearance Experiment
v, source v d(letector Vadleltector v, source v. detector
_ 1. _ _ b Searches for
- — Bdiffo
L= % Pa ) L ~
- |_ -

Il
Compares @, and @, to look forloss
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Neutrinos
‘u Oscillations: Experimental Probesl

e Generically there are two types of experiments to search @mcillations :

Disappearance Experiment Appearance Experiment
v, source v d(letector Vadleltector v, source v. detector
_ 1. _ _ b Searches for
- — Bdiffo
—L= & Pa ) L l
- |_ -

Il
Compares @, and @, to look forloss

e To detectoscillationswe can studyhe neutrino flavour
as function of thdistanceto the source As function of the neutrin&nergy

PSUI’V
PSUI’V

4w E/Am? -~

POSC
sin?29

POSC
. sin?29

NE=2 x Am? x L/~

L(distancia) E(energy)
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as function of theDistanceto the source As function of the neutrinéknergy

PSUN
PSUN

4 v E/Am?

P Qsc

Posc
. sin’2%9

A

L(distancia)

sin?24

Y™NE=2 x Am? x L/
E(energy)

e In real experiments= (P,;3)= [ dE, %> im-0cc(Ey)Pas(Ey)

n_—
N —

L (distance) E (energy)

1—(sin*218) /2

(sin?29) /2

<Pee” <Pun>
<Pee? <Pun>
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as function of theDistanceto the source As function of the neutrinéknergy

4 v E/Am?

P
. sin’2%9

[<]
8
\/ a

L(distancia)

Y™NE=2 x Am? x L/
E(energy)

e In real experiments= (P,;3)= [ dE, %> im-0cc(Ey)Pas(Ey)

A A

g g
% 1—(sin?28) /2 % M

VAN A

D_‘é (sin?28)/2 D_%é

V V
L (distance) E (energy)

e Maximal sensitivity forAm? ~ E/L

—Am? < E/L = (sin” (1.27TAm?L/E))
—Am? > E/L = (sin” (1.27TAm?L/E))

2
o~ O

2



Neutrinos Concha Gonzalez-Garcia

\ Matter Effects |

e If » crossmatterregions (Sun, Earth...) it interact®herently

v v v e

— But Different flavours
havedifferent interactions

e, N Ve, Vp, Vr e, N c only v,
= Effective potential inv evolution :V, # V,,, = AVY = ~AV?” = /2GgN,
=- Modlification of mixing angle and oscillation wavelengtiMSW effect

e The mixing angle in matter

Am? sin(20)

sin(20,,) = V(Am? cos(20) — 2EAV)? + (Am2 sin(20))2

e For solar neutrinos in adiabatic regim P(v, — ve) = % [1 + cos(26,,) cos(20)]
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‘Atmospheric Neutrinos |

Atmospheric, ,, are produced by the interaction@fsmic rays (p, He . ..With the
atmosphere

. p, He
TN
e e
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Atmospheric Neutrinos

down-going

[not to scale]
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Atmospheric Neutrinos

down-going

[not to scale]

o SKI+II+111+1V data:
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Atmospheric Neutrinos

down-going

[not to scale]

o SKI+II+111+1V data:
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o SKI+II+111+1V data:

Ve In agreement with SM

Atmospheric Neutrinos
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‘Atmospheric v Osclllations: Parameter Estimate I

%)
%400 7 SK sub-GeV e-like
zZ

| SK sub-GeV p-like
r —T 1L,

S .
7—i—¢—.+*i++¥$ ++++ —

No oscillation
e
| SK multi-GeV e-like 1 SK multi-GeV p-like

e For SubGeV

Am?*L
(P,,) = 1—sin”20sin” ;ﬂjE

~ 0.5-0.7

= sin” 260 > 0.6

e For E ~ few GeV deficit atl, ~ 10°—10* Km

Am?(eV*)L(km)
2E(GeV) -

— Am?2 ~ 1074 — 10 2eV?
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‘Atmospheric v Osclllation Analysis I

(1) Theoretical Predictions

— The expected number obntained events

d*®g do
o = T Pso (EL E.)dE,dE, vdh
R (0) %:nt /dE,,dcosHV 50 ( )/«:g(h)dEaa( )dE, dEqd cos 0

®3 = Neutrino Flux ko = Neutrino Production Point Distribution

do
dF,,

= Neutrino Interaction Cross Section  &(FE,) = Detection Efficiency

— The expectedipgoing+: events:

d®,(F,,cosf)
R.(0)sT = AT As 1(E,,0)dE
n(O)s,7 / dE, dcos0 s.1(Ep, 0)dEy
dd < dP, d
b / P (B) - oen(Enoy Epy X)NAdEydE,yodX
dE, dcos0 o dE,dcosf dE o0

AsT(E,,0) = Detector Effective Area Frock(ELo0, E,, X) = Muon Energy Loss in Rock
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‘Atmospheric v Osclllation Analysis I

(2) Statistical Analysis

90 (70) data points SKI+II+111+(1V) data: S B B R
Sub-GeV e-like andgi-like: 10+10 points 4
Mid-GeV e-like andu-like: 10+10 points _
Multi-GeV e-like:10 points :% 3 [ .
Multi-GeV FC and PGu-like: 10+10 points S ,
Stopping and Thrugoing’s: 10+10 points “g 2~ B
Using 3-dim atmospheric fluxes from Honda .
Use “pull” approach for theoretical ' B i
and systematic errors 0:...| el ]
03 05 1 2 3
o R‘%’heo . Z&_U% _ RSP 2 tan2 0
x> = min [Zl ;%tat - _thz &+ -Zf?] Am? ~ 2.4 x 1072 eV?
n— 1,theory 1,8Y

tan®f ~1 = 6 ~ T
Include many sources of theoretical and system-
atic uncertainties
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e Flux Uncertainties:

(1) Total normalizationo,,orm = 20%
(2) “Tilt” error
E 1)
D5(B) = ®o(E) (£)
os = 5% Ey = 2 GeV
(3) vu/veratio: o,/ = 5%

FE independent for contained events

(4) Zenith angle dependence:

Ogen,i = D%(cos 0);
e Cross Section Uncertainties:
(5) oudim = 15%
(6) o= = 15%,

(7) o015 = 15% for contained

norimm

o7b1s — 10% for upward-goingu

norimm

(8)—(10 O_QE,lW,DIS/O_QE,lw,DIS — 0.1-1%

(4 1,Ve

Concha Gonzalez-Garcia

e Systematic unceltrom SK pub)

(11) Simulation of had int (contained):
aiﬁzmn = —0.25-1.1 %

(12) Particle identification (contained):
o = —1.1-1.6%

(13) Ring Counting:

aff’rfg = —0.75-5.5%
(14) Fiducial Volume:

o = —0.3-1.4%

f—vol —
(15) Energy Calibration:
op o = —0.4-2%

(16) PC/FC norm: (multi-GeV.)
00 e = 2-85%

(17) Up-u track reconstruction:
oY =1.4-6.4%

track —
(18) Up Effi and Stop/Thru separation:

Ui‘f_eﬁ = 1-1.4%
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Long Baseline Experiments:v,, Disappearance

K2K/T2K
MINOS

v, at KEK
v, at Fermilab

SK
Soundan

L=250 km
L=735 km

-Garcia
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Long Baseline Experiments:v,, Disappearance

K2K/T2K
MINOS

v, at KEK
v, at Fermilab

Soundan

SK L=250 km

L=735 km

K2K 2004: spectral distortion

MINOS 2006

=
[<B)
S5
~ 12
o
2 8¢
=2 g
o f
= E
o 4 f
I S = .
(0] 1 2 3 4

5

E,"°° (GeV)

T2K 2010—: spectral distortion

> -
3
s 60 + Data
- L
Q' ——— MC Unoscillated Spectrum
> L
g 40 B MC Best Fit Spectrul m
>
) - |:| NC MC Prediction
20

0 2 4

Reconstructed v Energy (GeV)

>5

Osc. to unosc Events/0.1 GeV

Confirmation ofv,, oscillations and agreement in mass and mixing with ATM

>5
Reconstructed v Energy (GeV)

Ratio to No Oscillations

Y Neutrino beam
500" U 10.71x 10%° POT
g + —— MINOS data
- — No oscillations

—— Best fit oscillations

o
o
T

Events / GeV
N [o%] B
8 8

100 ¥
0

e

0 2 4 6 8 10 15 20 30
Reconstructed Energy (GeV)

2 T T T T | T T T T | TTTT | TTTT | |
| —4— MINOS, MINOS+ Far Detector Data
Prediction, Am?=2.37x107 eV?
1.5 Uncertainty —
1 i 4 4‘ | |L |l+ + ]
L [—+—
0 5$ 10.71 x10% POT v,-mode MINOS _
F 3.36 x10°° POT v,-mode MINOS
- $ 1.68 x10% POT v,-mode MINOS+
i MINOS+ PRELIMINARY
O 1 1 1 1 | 1 1 1 | | | |

0 5
Reconstructed v, Energy (GeV)

10 156 20 30 50

-Garcia

—: detail spectral distortion
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\Solar Neutrinos: Fluxes |

e The Sun shines converting protons imtpe™ andy’s
4p — *He + 2et + 20, + ~
dm, — mag. — 2m, ~ 26 MeV Thermal energy mostly iry
e Two major chains of nuclear reactions
pp chain CNO cycle

-
[(p+p—=D+ef +v] [2)p+e +p— D+ Y <E ,>=0.707MeV
T
(99.75%) | | | (0.25%) ‘\/
D+ p— "He 4 ~ = =
|
[ | } p P
*He + *He — a + 2p ‘He + 'He — "Be + v | (5) *He + p = 'He + ™ + 1, | He* /
(p-p1:86%) | (0.00002%) « P P

| ] .
[ (3) ™Be + e~ — "Li + v | "Be+p— 5B+ 7 fe
o TN
| |
Li+p—2a [ (4) °B — ®Be* + et + u. ] - Y <E >=0.997MeV 0]
(op IT: 14%) | \ \
fBe* — 2a /
(p-p 1T 0.015%)

v <E ,>=0.999MeV
e

e Present Solar Modek- pp-chain dominates by 99%
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102 T T
101 Bahcall—Serenelli 2005 5
£ pp-| £1%
1010 Neutrino Spectrum (+10)
os L Be-|+10.5% ]
: 1BNs _ - '—::-__‘_BT,\
— | - - ~ _
-T 108§ ””4 ”” peﬁléia% E
@ F 160 - = | I
¥ o107E--" o ! >
g - _ --77 T T~
~ 108 2 l7F:>,,’ 1 \‘: 88— +16% 3
5 E--77 7Be- |
B o100 110.57,//,/ | E
F 1
L | | |
2 | | 3
i | |
108 3 1 I 3
g Vol
102 = 1 | -
; / | E
L 1
10t L /. | | I L
0.1 1 10

Concha Gonzalez-Garcia

PP CHAIN E, (MeV)
(pP)

p+p—2H+et +u, < 0.42
(pep)

p+e  +p—2 H+ ve 1.552

(“Be)
7Be + e 7 Lt + ve

0.862(90%)
0.384 (10%)

Neutrino Energy

in MeV

(hep)

2He+p -2 He+ et + e < 18.77
(®B)

8B =8 Be* + et 4+ 1 < 15
CNO CHAIN E, (MeV)
I3N)

By 13 o4 et 4+ 0e < 1.199
(150

150 515 N 4 et 4+ ve < 1.732
A7F

17p J17T 0 4 et 40, < 1.74




Neutrinos - Concha Gonzalez-Garcia
Solar Neutrinos: Data
Experiment Detection Flavour Ein, (MeV)
SHomestake 37Cl(v, e )37 Ar Ve E, > 0.81
o5Sage+  Tigyy,cm)TGe Ve E, > 0.23
S5 Gallex+GNO
Kam= SK ES v,e™ — vge v, VT (J;” ~ %) E. >5
(o))
e SNO CC ved — ppe™ Ve Te > 5
C:ES NC v,d — vypn Ve, Vyy /r Ty > 5
Borexino Ve  — Uge ™ Ve, Vy /7 FE, = 0.862
1 f
; |
Qo SNO NC | - - .
E 5 BOREXINO 1 Experiments measuring. observe a deficit
é“ SAiGE { ! Deficit is energy dependent
- CALLEX SK 4 | Deficit disappears in NC
GNO HOMESTAKE SNO CC 1
O: 7

EXPERIMENT



Neutrinos Concha Gonzalez-Garcia

e Real Time experiments can also give information on Energly2irection ofv’s
and can search for Energy and Time variations of the effect

e From SK (also from SNO)

Energy Dependence Day-Night Variation Seasonal Variation

(6]

§0 SK-I SK-Il (binned) SK-I e Ar T
% 1I:-«2-G T T T T T T T T \_ T T T T NE |
= o ‘ =
N £ T S
LI LA 2
g \ E : ; TlI - I 1 E
s U T
0.4 T I*IL TLT | L. ‘
NN 29 1
r Day Night : 1
02 I I I I | I I I I | I I I I 2 [ L1 1| [ | 1 { 1998 2000 2002 2004 2006
5 10 15 20 > OzZ-1 0 1» o=z YEAR
Energy(MeV) = .&ng_ e = .&’ag_

- 1
Deficit indepE, > 5 MeV Not significant Nothing beyond}?
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\Solar Neutrinos: Oscillation Solutions |

SK and SNO E and t dependence

RATES ONLY LOBAL
10_35“”””‘ T 25 [ T T T T [T T T[T T[T S0
e BPOO N = LMA :
10° g LMA J.§ 20 - - o=
10-6*SMA T f ] m

7 ° LI .
\q_)/lO - L‘.’a - -
o~ 1087 LOW NI; 10 i _
5 10°_ <t -

10 Piees [ _
107F VAC =& == oL -
10ML Global Rates . - :
10-1ZE L \HHH‘ L \HHH‘ L \HHH‘ L \HHHi L \HH% O I I I I | - | - | : Illl : | : o=

10_4 10_3 10_2 10_1 1 10. 0.2 0.3 0.4 05 0607 0.9

tan®® tan” @

Am? ~ 7 x 107° eV?
tan®f ~ 0.4 =6 ~ %

Different frequency and flavour
than ATM and LBL
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‘ LBL experiment with reactors: KamLAND I

e Search fofv, = 7, atL~ 180 km reactorsE ~ few MeV:
2002: Deficit Rkr,axnp = 0.611 4 0.094 Oscillation Sianal

L4 [ .« Data-BG - Ged,
1.21- - — Expectation based on osci. parameters
1.0____+ __#ﬂ:______ !q.,___,____:": o > 1: + determined by KamLAND
§ 0.8F % 0.8—
) AL _ Q B
ZO 0.6 é gﬁvznnah River +~‘ E -
X Rogng yof o O 6—% + —
0.4~ & Goesgen — ML ]
A Krasnoyarsk [ B [
02 & Choor 2 P —
e KamLAND 5 0.4+
0.0, ! ! ! ! n B +
10" 109 10° 10* 10 B
Distance to Reactor (m) 0'2__
g . : . o) P AN S AN EEI ST B U
2004: Significant Energy Distortion 2030 40 LS/O (frg/Mgg) 8090 100
geo neutrinos previous result (above 2.6 MeV) Eve
300—————=
= — KamL{\ND data
2501~ " bectftvcilaton
I pecdent) :
2 w0 = o With
< r — best-fit osci. + BG
E 150; + + Expected Geo v,
£ P 2 —5
Am? ~ 8 x 107° eV?
o preliminary
F § s s
et tan?d =0.400r2.2=60~ ZorZ

6 3

Eprompt (MeV)



eutrinos ‘Medium Baseline Reactor Experiments I”G

e Searches for, — v, disapperance d& ~ Km (E/L ~ 1077 eV?)
e Relative measurememear and far detectors



eutrinos ‘Medium Baseline Reactor Experiments I"G

Searches for, — i, disapperance d ~ Km (E/L ~ 1072 eV?)
e Relative measurememear and far detectors

Daya-Bay

Far Hall "¢

* AD 5+6 data points are displaced -

by -50m and 50m for visual clarity -

(8] 0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
Weighted Baseline [km]
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Searches for, — i, disapperance d ~ Km (E/L ~ 1072 eV?)
Relative measurememear and far detectors

Daya-Bay

Far Detector

<

= T T T T T T T T T 100

& 104 9 @© U e
§ 1.02 ;— _; 0.98 :_ —:
LLl - — | -
Ee} 1 E Ll T T T T e _: - —
5 0o8f 3 o9f -
A F 3 0.94— —
— 0.94F 1 3 - n
E 0.92 - Far Hall "% = 092 ]
B 0.9 = * AD 5+8 data points are displaced _J C ]
g E by—50mand50mforvisualclarityE 090_.--I..-I..-I-..I...I...I...I...I...I..._

088 = o4 06 08 1 12 14 16 18 =2 ~“0 200 400 600 800 1000 1200 1400 1600 1800 2000

Weighted Baseline [km] Weighted Baseline [m]



eutrinos ‘ Daya-Bay and Reno Reactor Experimentf“za'ez'GarCia

e Searches for, — v, disapperance d& ~ Km (E/L ~ 1077 eV?)
e Relative measurememear and far detectors

Daya-Bay: 4 Near+ 4 Far

18:

o 18F
g ME Described withAm? ~ 2.5 x 10 3eV?
o 12—
o 1of (asv, ATM and LBL accv,, disapp)
S 8k
g o andf ~ 9°
E" 4 ; —+— Far site data
w > - == Weighted near site data (best fit)

= Weighted near site data (no oscillation)
] "
§ 1.05:5 +I 4_'
g 095_ " B B -
i A
B 0.85; H

i 2 3 1 5 6 7

Reconstructed Positron Energy (MeV)
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‘Long Baseline Experiments:v, Appearance I

T2K v, at KEK SK L=250 km
MINOS | v, at Fermilab| Soundan| L=735 km

e Observation of/,, — v, transitions withE /L ~ 1072 eV?

LV v
OLI_IEM>08I | 8'OLI_IEM>08| |I—|'
30 , Mode —Data 7 [ vMode 5-8GeVBins | 15k —— Data
o — Background ] 6| Merged for Fit I [Jv,—v.CC
§ 20 7]v, CC Signa|—: i _ é [l Background
1] @ |V, CC Signal - 1 2 I
10 l | 1 . _' i (=
1 4 O -
= L
0 ..... %_l— I - 0 L _ ] ,.8 -
2 4 6 8 2 4 6 8 § .
Reconstructed Energy (GeV) AN T

S e——
00 0.5 1
Reconstructed v energy (GeV)

Results described with, — v, oscilations withAm?* ~ 2 x 107° eV* andf ~ 10°
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Concha Gonzalez-Garcia

\u Oscillations: Lab Searches at Short Distance |

Appearance Experiment

V,Source v, detector
b Searches for
- g g Bdiffa
3 L >

Experiment( 247 a f
CCFR 100 FNAL Uy, Ve Vr
E531 25 FNAL Vi, Ve Vs
Nomad 13 CERN Uy, Ve Vs
Chorus 13 CERN Vi, Ve Vs
E776 2.5 BNL Vy Ve
Karmen2 2.5 Rutherford v, .
LSND 3 Los Alamos v, D
Miniboone 3 Fermilab YV, Ve
Uy Ve

ICARUS 1 Fermilab Vy Ve
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\u Oscillations: Lab Searches at Short Distance |

Appearance Experiment

Disappearance Experiment

V,source vV, detector V_detector detector
. B Searches for VgSource Vai
— Bdiffa —
- L
—L~ % Pa
: E/MeV i Ly ]
Experiment(=f7—) a p Compares ®,, and ®,, to look for loss
CCFR 100 FNAL Uy, Ve Vr
E531 25 FNAL Uy, Ve Vr Experiment(EfﬁiW o
Nomad 13 CERN Uy, Ve Vs CDHSW 1.4 CERN v
: z
Chorus 13 CERN Vs Ve Ur Bugeylll 0.05 Reactor.
E776 25 BNL Ve Ve Chooz 0.005 Reactar.
Karmen2 2.5 Rutherford v, .
LSND 3 Los Alamos v, D
Miniboone 3 Fermilab YV, Ve
vV, Ve

ICARUS 1 Fermilab Vy Ve
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Am? (eV?)

10 }

Am? (eV?)

107
‘Neutring™

102 b METEEETEY TR
107
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\LSND and MiniBooNEl

e LSND: Main signal forv, — v, with £, ~ 0.03 GeVandL = 30 m
e MiniBooNE: Search for,, — v. andv,, — v, with £, = 0.3 -2 GeVandL = 540 m

102 E

E

[ LsND 90% cL

[JLsND99% cL

----- KARMEN2 90% CL
— 68%
— 90%
— 95%
— 99%

10

==+ ICARUS 90% CL
-------- ICARUS 99% CL

Compatibility (?)
for Am? ~ eV?

a third osc frequency?
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e By 2015 we have observed with high (or good) precision:

* Solarv, convert tov, /v, (Cl, Ga, SK, SNO, Borexino)

x Reactorr, disappear at. ~ 200 Km ( KamLAND)

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

+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [ MINOS])
+ Some accel,, appear ag. at L ~ 250[700] Km ( T2K), [MINOS]
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e By 2015 we have observed with high (or good) precision:

* Solarv, convert tov, /v, (Cl, Ga, SK, SNO, Borexino)

x Reactorr, disappear at. ~ 200 Km ( KamLAND)

+ Atmosphericv,, & v, disappear most likely to. ( SK,MINOS)

+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [ MINOS])
+ Some accel,, appear ag. at L ~ 250[700] Km ( T2K), [MINOS]

x Reactolr, disappear al. ~ 1 Km (D-Chooz, Daya-Bay, Reno)

All this implies that neutrinos are massive
and There is Physics Beyond SM



Neutrinos Concha Gonzalez-Garcia

e By 2015 we have observed with high (or good) precision:

* Solarv, convert tov, /v, (Cl, Ga, SK, SNO, Borexino)

x Reactorr, disappear at. ~ 200 Km ( KamLAND)

+ Atmosphericv,, & v, disappear most likely to. ( SK,MINOS)

+ Acceleratorv,, & v, disappear al. ~ 250[700] Km (K2K,T2K, [ MINOS])
+ Some accel,, appear ag. at L ~ 250[700] Km ( T2K), [MINOS]

x Reactolr, disappear al. ~ 1 Km (D-Chooz, Daya-Bay, Reno)

All this implies that neutrinos are massive
and There is Physics Beyond SM

e The importantquestion:
What is the BSM theory?

e Thedifficult path:
Detailed determination of the new low energy parametorati
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e Forfor 3v's : 3 Mixing anglest+ 1 Dirac Phase 2 Majorana Phases
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e Two Possible Orderings
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e Forfor 3v's : 3 Mixing anglest+ 1 Dirac Phase 2 Majorana Phases
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3 v Flavour Parameters: Present Status

Global 6-parameter fit http://www.nu-fit.o(@rXiv:1409.5439)
Maltoni, Schwetz, MCGG
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Maltoni, Schwetz, MCGG
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Global 6-parameter fit http://www.nu-fit.o(@rXiv:1409.5439)
Maltoni, Schwetz, MCGG
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Global 6-parameter fit http://www.nu-fit.o(@rXiv:1409.5439)
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Global 6-parameter fit http://www.nu-fit.o(@rXiv:1409.5439)

Maltoni, Schwetz, MCGG

Curves = uncertainty on reactor fluxes
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| NUFIT 2.0 (201

15 TTTT | T T T T T T T | T TT | TTTT | T |I| T 28 [T | TTTT | TTTT | TTTT | TTTT | T LTT T I\xl T | T T 1T | T ]
- 1 4 ) -
L § 4L v _ - C 1C ]
| ] 1L \J i NEm 2.6 — — —]
| | u 1E ]
L f 4 F h B < r a1 ]
10 - ! 4+ % - 24 @ﬁj EnS =
N i ! 1r i S C 1E ]
= 1r 1 o 22 — = —]
51 ’l’ =1 — = C 1F :
i 1 : o 24 =B f @ E
L 7 4Lk A i < r 1L N
2.6 J —]
olriiy Lo NS L 1 Lol 2 0l J —H F -
0.2 0.25 0.3 0.35 04 65 7 7.5 8 8.5 ” | | | | | q1C | | | ]
2 2 5 2 1 | I | | I | | I | | . 1 11 | I | | I | | I | 1
sin” 8, Am;,, [107 eV] 0.3 0.4 0.5 0.6 0.7 360
.2 = 1
15||||||||||||||||||| TTT UL VLR LA L L (I I U R Y 023#45 Slne23 : :
— -1 ii TT TTTT | TTTT | TTTT T : :
B 1 i 023 < 45 ? J anf .
10 — - -~ o 1 - 1
L 4k L L i L i
F L 1F i 0.025 - - - ]
L 4k i ) - 4 180 — —
5 — = — = T j N j
- 1F ] = B 1.5 F -
- T T ? 0,02 |- —H ot -
B - 1] 4 N I~ 1 ~ T
I - n 1 - - - — —
111 | 11 111 | 1 “ %I 11 |\IJI 1 | 111 - — 90 - -
26 -24 22 22 7 2.8 = 1 = 1
2 3 2 2 N/I 0.015 — — - i
Am,, [107eV] Amy, C | | | | ] C ]
| I | | I | | I . | I | 1
— 0
013 - I— —I rrr | rrrT | rrrT | rrT I— 5(:p 85 _I TTT | TTTT | TTTT | TTTT | TT I_ _I T | L L L I_
A 2 ~ 500 : : —-=== NO, IO (Hubel’) : : : : :
X = 1 == N0, IO (Free+ RSBL) ] — 8F HF -
L 4L i > C 1L 7
N w ~ 1 I~ =
> B 17 T B - 4 i
< r 1 ] 2 75 a0 \ -
5 — — ~ & r 1LC 1
L i _ IS r 1L - ]
- - R 1F -
- 7 - r 1C © ]
11 | 1111 | I\\ ( 1 | | I | | 1 | | | | | | 1 : | | | | : : [rﬁl ||26 | 99|/°| ] | :
. . 2 . 2 . 27 65 | | | I | | I . | I | 111 11 | I | | I | | I | 1
0.015 00_ 2 0.025 0.03 0 9 180 0 360 0.2 0.25 0.3 0.35 0.4 0.015 0.02 0.025 0.03
Sin 613 6cp

.2 .2
sin 912 sin 913



Neutrinos

Concha Gonzalez-Garcia

‘ Issues in 3v Analysis: Am3, KamLAND vs SOLAR I

For63 ~ 9° 6, OK. But residual tension oA\, a0 goms |
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‘ Issues in 3v Analysis: Am3, KamLAND vs SOLAR I
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Modified matter potential?
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‘ Issues in 3v Analysis: Am3, KamLAND vs SOLAR I

Modified MSW with NSI (non-standard neutrino interactians)
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‘Oscillations+NSI: Global Analysis I

e Bounds on NSI e Osc parameter robust
90% CL 90% CL (but solar dark side)
Param.] OSC SCATT|| Param.| OSC sCaArtTy o _
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Maltoni, MCG-G, ArXiv:1307.3092
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\ Issues with the Solar Fluxej

— Newer determination of abundance of heavy- Two sets of SSM:
elements |n Solar Surface glve |Ower Values Starting from Bahcalktal05, Serenelletal0909.26

— Solar Models with these lower metalicities GS98uses older metalicities
fail in reproducing helioseismology data AGSXX uses newer metalicities
A Flux GS98 AGSS09 Diff (%)
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0.010 AGSO05

pp/101Y 5.97  6.03(1 £ 0.005) 0.8
pep/108 1.41  1.44(140.010) 2.1

o L
> 0.005F
2 L

0.0005— """""""" A e A — hep/103 7.91 818(1 + 015) 3.4

Y R N "Be/10° 508  4.64(1 4 0.06) 8.8

| | R | | 8B/10° 5.88  4.85(1 +0.12) 17.7

W= 13N/108 282  2.0717713) 26.7
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Most difference in CNO fluxes
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\ Issues with the Solar Fluxej

— Two sets of SSM: Impact in Parameter Determination
GS98uses older metalicities
AGSXX uses newer metalicities 9 Solar+KamLAND
I S L L B L
« What is the effect on the determination 55 [ﬁ,"efi%igog e
of oscillation parameters? o E
Very small s E
i
6.5 ; —

90,95,99,30

o6 058 03 03 034 036
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‘Learnlng How the Sun Shines I

— Two sets of SSM:
GS98uses older metalicities
AGSXX uses newer metalicities

x What is the effect on the determination
of oscillation parameters?
Very small

+x Which SSM does the solar data favour?
Both model statistically equally prob

Better CNO :CleaneBorexino, SNO+

—Test of Solar Luminosity:

L
g—go < 3.2% (30)

Lo (v — inferred)
Le

= 1.0 £+ 0.14 (10)

3v oscillation fit with solar fluxes free:
(within luminosity constraint)

Comparison with Models

.8 90 ; \\\\\\\\\ ‘ \\\\\\\\\ ; 10 ;\ TTT ‘ TTTT ‘ T \&\F\i{\ T \;
E N E E ..-.0598 £
~67.5 ?f o = 7.5 N - ...AGSSO9]
= 'ep RN E f7Be A E
45 = - PV 3
225 ¢ FACEEE N Y- E
O ; Lle\l\ Lo | \‘ ‘\sLLL \; O ;\ Ll " f.‘ | \‘\‘L[‘PLL \\\\;

0.95 1 1.05 05 0.7 09 1.1 1.3 1.5
-Q 50 ETTTT ‘ \\\\\\\\\\\\\ 4 \\\\\ ‘ T ‘ \\\\\\\\\
8 40 ;fpep = 3.2F f1:’aN =

.

-Q 4 E\ \l'l\ ‘ T ‘ T 1T \; 15 :\ T 1T ‘ 1T 1T T
Os2:- ! f1s0 4 120 =
Qoo ity - 9~ =
1.6 =14+ 4 6- E

0.8 = - 3 Lo =

O ; 2l 1ML LML ‘ L1l = O :J.J’\'\ ﬁ‘\‘\ \~‘ ) L:i“\.\ \J.J:

o 1 2 3 4 0.6 0.8 1 1.2 1.4

MCG-G,Maltoni,Salvado JHEP 2010
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‘ Issues In 3v Analysis: Reactor Flux anomaly andé;; I

e The reactor, fluxes have been recalculated
T.A. Mueller et al.,[arXiv:1101.2663]P. Huber, [arXiv:1106.0687].

e Both reevaluations find higher fluxes by ab8ut %
1.3

ILL

= Krasnpyars
1
111 | 1111 1111

} Goesgen

(s2]
>
Q
(o))
>

om

Bugey 4
ROVNO

e Sonegativaereactor experimentsg | ~

at short baselines (RSBL) inde®d"f % ;.___EIZIZII;;if_:;:I;i:_;%_;
observed a deficit £ osof- . J} TE S| AL

1 &
T @

0.8 e old
- ® new

0.7-

e For 3v analysis a consistent approadh$chwetz et. al. [arXiv:1103.0734]
— Fit oscillation parameters and reactor fluxes simultasigou
— Use theoretical calculation and/or RSBL data as priors
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‘ Issues In 3v Analysis: Reactor Flux anomaly andé; s I

1.05

0.9

| NUFIT 2.0 (2014) |

0 0.01 0.02 0.03 0.04 0.05

.2
sin 613

7 Clobal’
. ™ FRSBL flux free ]

e Experiments without near detector
(CHOOZ, Palo-Verdd®-CHOO2
sensitive to the flux assumptions

e DAYA BAY andRENO
Near-Far comparison
= results flux independent

e TWoO extreme priors :
a) Use fluxes fronHuber 1106.0687
without RSBL data
sin” A5 = 0.0223 + 0.001
b) Leave flux free and include RSBL
sin” A1 = 0.0218 + 0.001

Uncertainty at~ 0.50 level

2 2
Xmin,a — Xmin,b ™ 7
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“‘New” Reactor Anomaly? I

“Bump” at £ ~ 5 MeV in Near and Far spectra at RENO, Daya Bay and D-Chooz
Not understood within present reactor flux calculations

Daya Bay D-Chooz

EIEKNO l?relnmmaryI

o !{EINO Preliminary ey B S A Spectral shape
230000F Near detector 3 argetector = -
& E 3 € 3000 —- Data = Gy e ——Data
£ £ —- Data 315 E : - e
525000§ —MC,,, 3 & 2s00F — mC,,. E 200002— msh. e [l Full uncertainty
20000 5in'20),5 = 0.100 E E sin'28,,=0.100 3 F = e Reactor uncertainty
F .1 2000 ami| s =2 F = ’ ——=
E lam3]=232%107ev? 4 ami [ =232x107eV: 2 2 15000 — “4 —ILL+Vogel meeeee N
150001 | 1500~ -8 F - e s
E BN £ G — s
10000 - 1000~ = & 10000— i a
F iE E o= =
£ = | E. iy C P
5000 500 i C ] Integrated
o o : - 5000— reli nary . 00p DGl (n-Gel)
= 0. 27 3 E 0.2 -—: E - -----i Livetime: 467.
G 0415F 3 ZoasE| - C : Q }
= E +h 1 ¢ (5o 12E-B) heaass 12
& 01 3 01E -g8 E : T 518 1L
5 + E B .0 :'.—"'—l—.p-v-!""""'t‘L'-FF+ T
S 005 + 4 3 ®oosE 83 - § +HH
F + ia E ll i J.+ | 3 1 - T
[ TUG S, ) + i = oF | ]
I et B | U U B e B e
= 3 E -8
-0.08 +| ] 008t 2 g -|-|-.|.
S T S St S LA v TG IR TN N S N S N 2 ; s I e
4 Prompt Ener: MeV, isil
Prompt Energy [MeV] Prompt Energy [MeV. ptEnergy (Mev) " VisbleEnergy ®ev)

Does not affect to (& unexplained by) oscillations (canaelsear/far)
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‘3 v Analysis: Long Baseline vs REACT and Ams,| I

Independent and consistent determinationof.?,| from MBL reactor data
In particular from Daya Bay (also Reno and DC) near/far E 8pat

NUFIT 2.0 (2014)
35 | | | | L 1T 11 I T\l 1 1 I | | | | | I__|
~5 3F = —
g - 1F .
25 ( == —
N'; - MINOS H Freact a
@ 2 1 | | | | | | | | | | | | |I_ _GDOIDB)I 1 1 | 1
o?o _2 | 1 | | | | | | | | ||_ | T T 1 1 | 1__|
= - sl =
N 1F =
= - 1E .
-3 g e ]
- 1t 68.27%:95.45% CL] 1
_35 1 | | | | | | | 1 1 |I_ _l I I | | I I | | I I | 1

0.3 0.4 0.5 0.6 0.7 0.015 0.02 0.025 0.03
. 2 0 . 2e
Sin 23 Sin 13
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‘3 v Analysis: Long Baseline vs REACT I
e INLBLAPPv, — 1,

»‘E l K LS T T
2 ol B 3
. A . A31+V L ¢t
Pje = s53sin” 2013 (A313jlcv> sin? ( S8 ——= ®0sp -
max A12 _ A3y (VLY i (A31EVE Az L - !
+8Jep™ R sm( 5 ) sm( 5 ) cos( 5 :|:5Cp) 0 Anis0 ]
i 68% CL
Jénfa;x = 0%3813623823012812 _ : QO%CL 4
0.5 — Best fit 7]
L 3 PDG2012 lo range
5 -
maﬂ.ﬁ:—
o In Reactorp.. ~ sin® 2015 sin? ( 23-£) :
. . 0f ]
So sin? 20rgac = sin® 2613 ;
-4 Am,<0
—So from first term InP,,.:
sin2 QQREAC < sin2 20App = (923 > % favoured

707085 0.1 015 02 025 03 035 04
sin'26
—Or from second term i#,:

= § ~ 2Z(= —Z) favoured
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v Analysis: Leptonic CP vic

|3 Analy

)lation I

e ~ 20 “Hint” CP phase aroundqsp = 37” driven by the LBL-APP vs REACT;3
(beware of diff notation fobcp in literature)

O

NO

NUFIT 2.0 (2014)

1OIIIIIIIIIIIIIII

5\

0

I\LI|III|III|III

_IIIII|III
0 180

Sol + Rea + Minos-Dis
+ T2K-Dis

+ T2K-App

+ Minos-App

+ Atmos

270 0 90 180 270 360
Scp Scp NUFIT 2.0 (2014)
- - 15 1T 177 1T 171 T TT T T T L T T T
e Leptonic Jarslog Determinant + | 1t o | | '
- - IO -
10 — — —
5 [ 1L ]
5 - — |— —
O i I I | | (I 1 | I I | | 1 1 1L | IL 11 1 | 11 1 | 11 1 | i
0.025 0.03 0.035 0.04 -0.04 -0.02 0 0.02 0.04
X _ qmax _.
JQ; = C12 S12 C23 S23 C13 Sl3 JCP - ‘]CP SInéCP
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e Fermi proposed a kinematic searchvpfmass from beta spectra il beta decay
SH -3 He+e+7,

e For “allowed” nuclear transitions, the electron spectrsrgiven by phase space alone

K(T)_\/dT CpEF(E) OC\/Q )y Ty = my,
T = E. — m., Q= maximum kinetic energy, (fot{ beta decay) = 18.6 KeV)

Taking into account mixini m,,, = \/Zmﬁj |Ue;|?
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e Fermi proposed a kinematic searchvpfmass from beta spectra il beta decay
SH -3 He+e+7,

e For “allowed” nuclear transitions, the electron spectrsrgiven by phase space alone

K(T) = \/ilzqucpEF(E) OC\/Q )/ T)? —m?2,
T = E. — m., Q= maximum kinetic energy, (fot{ beta decay) = 18.6 KeV)

Taking into account mixini m,,, = \/Zmﬁj |Ue;|?

e m, # 0 = distortion from the straight-line at the end point of thecdpam
my, = 0 = Tmax — Q K(T)
my, 70 = Thax = Q —my,




eutrinos ‘Neutrino Mass Scale: Tritium 5 Decay I”G

e Fermi proposed a kinematic searchvpfmass from beta spectra il beta decay
SH -3 He+e+7,

e For “allowed” nuclear transitions, the electron spectrsrgiven by phase space alone

K(T) = \/ilzqucpEF(E) OC\/Q )/ T)? —m?2,
T = E. — m., Q= maximum kinetic energy, (fot{ beta decay) = 18.6 KeV)

Taking into account mixini m,,, = \/Zmﬁj |Ue;|?

e m, # 0 = distortion from the straight-line at the end point of thecdpam
my, = 0 = Tmax — Q K(T)
my, 70 = Thax = Q —my,

T

M, ——

— At present only a bountm,_ < 2.2 eV (at95 % CL)(Mainz & Troisk experiments)
— Katrin operating to improve present sensitivityto,, ~ 0.3eV
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\Neutrino Mass Scale: Other Channelsl

Muon neutrino mass Tau neutrino mass

e From the two body decay at rest

e Ther Is much heaviem., = 1.776 GeV

T W Ty = Large phase space difficult precision
e Energy momentum conservation: for m,,
\/p'u +m? + \/pu + m? e The best precision is obtained from

m2 =m2 +m?2 — 2+ my,\/p* + m2 hadronic final states
_ I

e Measurement ofp, plus the precis T —nr+v. Withn >3

knowledge ofmn, andm, = m,
e The present experimental result bou

eff — 2 .
eff — \/Zm2‘UM3‘2 190 KeV myT = \/ZWJ|U7-]‘2 < 18.2 Me\

e Lep | experiments obtain:

\1
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\Neutrino Mass Scale: Other Channelsl

Muon neutrino mass Tau neutrino mass

e From the two body decay at rest

e Ther Is much heaviem., = 1.776 GeV

T W Ty = Large phase space difficult precision
e Energy momentum conservation: for m,,
My = \/pz +m2 + \/pﬁ + m?2 e The best precision is obtained from

m2 = m2 +mi — 24 mu/p2 + m2 hadronic final states

e Measurement ofp, plus the precis T —nr+v. Withn >3

knowledge ofmn, andm, = m,
e The present experimental result bou

meftf = \/Zm2‘U ,‘2 < 190 KeV m,‘i{f = \/ZW?|U7-J‘2 < 18.2 Me)\
Y g1

e Lep | experiments obtain:

\{

= If mixing anglesU.; arenot negligible
Best kinematic limit on Neutrino Mass Scale comes from UintiBeta Decay
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‘u-less Doubleg Decay I
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‘u-less Doubleg Decay I

n >

(A, Z) — (A, Z+2) + e + e

e Amplitude involves the product of two leptonic current@y* Lv| |ey* Lv]
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‘u-less Doubleg Decay I

n >

(A, Z) — (A, Z+2) + e + e

p
e Amplitude involves the product of two leptonic current@y* Lv| |ey* Lv]

— If v Dirac = v annihilatesa neutrinoand createsn antineutrino
=> N0 same state> Amplitude =0

— If v Majorana=- v = v annihilates and createsheutrino=antineutrino

1

= same states Amplitudecx v (v¢)? # 0

¢ (Tlo/yz)_l X (Mee)? With [(mee)| = ‘ZUermj‘
e Complication is uncertainty in the nuclear matter elements
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‘Ouﬁﬁ Decay: Present |

Bounds from'3¢Xe (EXO and KamLAND-ZEN),°Ge (Gerda) and*Te (Cuore-0)

10% |

u ™7/ GERDA 1307
i
)
)
1

9% (°Ge) [yr]

Mee < 0.20-0.40 eV
Mee < 0.14-0.28 eV
Mee < 0.19-0.45 eV
Mee < 0.270.76 €V

EXO-200
I KamLAND-Zen
Xe combined

PR | N L4
25 26
10 1
9% ("%xe) [yl

= If neutrinos are Majorana:

136Xe

Concha Gonzalez-Garcia

(Gerda+HdM+IGex)
(KamLAND-ZEN)
(EXO)

(Cuore-0)
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‘ Massiver in Cosmology |

Relicv’s: Effects in several cosmological observations at severatiep

baryvon density € %
g 0.01 ¥ O

"Li/H

1o® i
baryon-to-pholen ratie =,

Primordial Cosmic Microwave Large Scale
Nucleosynthesis Background Structure Formation
BBN CMB LSS
T ~ MeV T <eV
Number ofv's (Neg) Neg andd " m,,

Observables also depend on all other cosmological parasnete
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Correlations
e | [ & | g | g
S JLEL RVAnN
SLNE B AW

dns/d In k
| |

‘Cosmological Analysis by Planck (2015) I

Range of Bounds

Dependence on Data Samples
and Cosmological Model

Model Observables ¥m, (eV) 95%
ACDM + m,, Planck TT + lowP <0.72
ACDM + m,, Planck TT + lowP + lensing < 0.68
ACDM + m,, Planck TT,TE,EE + lowP+lensing <0.59
ACDM +m, Planck TT,TE,EE + lowP < 0.49
ACDM + m, | Planck TT + lowP + lensing + BAO + SN H,, <0.23
ACDM + m,, Planck TT,TE,EE + lowP+ BAO <0.17

Neg < 3.7 (95% Planck TT+lowP+lensing+BAO)




|Neutrino Mass Scale: The Cosmo-Lab Connection i

Global oscillation analysis

= Correlationsn,,_, m.. and) _m,,
(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCG(5%)

- B T T E
, : L _
010 |
2 - ]
-2
10 = N .
-3
'] O Loy | Lo |
-~ E ‘ ‘ ‘ E
> - <2
00 %
L 55 ..A
= 7T AR
[ = “ 3
—2
10 & =
-3
10 -




|Neutrino Mass Scale: The Cosmo-Lab Connection i

Global oscillation analysis

= Correlationsn,,_, m.. and) _m,,
(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCG(¥5%)

> Width due to range in oscillation
£ parameters very narrow
010 =
é High precision determination of
o m,. and Y m,; can give informa;
i tion on ordering
_37
10
- =
>
QD L
— 0
g0 :
E | Wide band due to unknown
ol Majorana phases
_37
10
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e SeveralObservationsvhich can be Interpreted &scillations withAm? ~ eV?

Reactor Anomaly
New reactor flux calculation
= Deficit in data at <100 m

13p

S 4
L 2 B
12F o 2 8 %‘ N E
=L () 4 | .
3 fg¢ 2 2§l 1fee AR
- r sy © A Al 1 [~ « & 8 7
S1ifFa 2 ~ e~ E
o L T I 1 F
RS T TR T
S 1fepgolod ? T Ffe 8 87
e § )0 (R S Ti1r¢ 1
S O NSRS SO O | R N 3 E
o 09 L
© r L 1C ]
08F [e od]| 4 a0 7
N e new,| 1 = 1F ]
0.7t 4 L J

T T T T T TTTT
rates +
Bugey3
10 = spectr. 4
R
>
2
“s
35 SBL react _|

rates only 3

90, 95, 99% CL (2 dof)
1111 | 1 1 1 | I |
0.1 1

.2
sin 2614

Kopp etal, ArXiv 1303.3011

Gallium Anomaly

Acero, Giunti, Laveder, 0711.4222
Giunti, Laveder,1006.3244

Radioactive Sources{Cr, 37Ar)

in callibration of Ga Solar Exp;
ve + "1Ga— "1Ge +e~

Give a rate lower than expected

Prie

101 L

SBL reactors

l
!

100 L

!

LBL react

.
.
~

=

Am } [eV?]

95% CL
1073

107!

102
|Ue4|2

LSND, MiniBoone

%102 ETTT
4 F

107

10~2 L1

Kopp etal, ArXiv 1303.3011

10k

F |l| LSND 90% CL

- |:| LSND 99% CL

T T TTITT
— 68% CL

— 90% CL
— 95% CL
— 99% CL
— 30

...... KARMEN2 90% CL |
wwe BUGEY 90% CL
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e These explanations require 8+ mass eigenstates /N, sterile neutrinos

5

4

1-3

1-3

1-3

3+1 3+2 1+3+1

v, — U, diISAPP(REACT,Gallium,Solar, LSND/KARMEN)
e Problem: fit together v, — v. app(LSND,KARMEN,NOMAD,MiniBooNE,E776,ICARUS)

v, — v, disapp(CDHS,ATM,MINOS, MiniBooNE)

e Generically:P(v. — v,) ~ |UZ;U,i| [+ =heavier state(s)]

But |U.;| constrained byP(v. — v.) disappearance dat _
. . = Severe tension
And |U ;| constrained by”(v,, — v,,) disappearance daja
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e Comparing the parameters required to explain signals vatints from disapp
Kopp etal, ArXiv 1303.3011  Gijunti etal, ArXiv 1308.5288

10

e AL ——rrr — 10 e
i | [ s+1-cLo - T
.'90%, 99%, 99.73 % CL, 2 dof ] || e 68.27% CL .
‘ N ] | = svomscL O’
1=
99.73% CL
>y
S 2,
5 10° br ]
~y
€
<
9
e,
L
- OG 3+1-30
¢ - Vg DI
vy DI
DIS
1 . , . 107! ‘ I Ll I .
10 1074 1073 10-2 107! 107 107 107 107" 1

Si n2286u

— Difference in the analysis of both appearance and disappea
— Somewhat different conclusions

e Adding more steriles (3+2 or 1+3+1): not much improvement
Also tension with cosmology
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One lightyy mixed with 3v] s contributes tg asN.¢¢.

0 |

= So if “explaination” to SBL anomalies? __|
1 v, contributes as much as/j,

From evol eq fo3 + 1 esemble one finds | |

logl0O(Am
=]
wn

-1 B |
0.4

-1.5 1
0.3
2 | | | I 0.2

4 35 3 25 2 -5 -1 -05
log10(Sin?26,,)

But analysis of cosmo data mCDM-+r + v, tells us

Plank+WP+high-1+BAO

25

J. Bergstrom, etal, ArXiv:1407.3806
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‘ Implications |

The two arising questions

e \Why are neutrinos so light?

The Origin of Neutrino Mass

e Why are lepton mixing so different from quark’s?

The Flavour Puzzle
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‘ Implications: New Physics I

A fermion mas<an be seen as at&ft-Right transition

mff_LfR (this is notSU (2) . gauge invariant)

If the SM isthe fundamental theory
— All terms in lagrangian (including masses) must b 1E° mv.ana’nt .
renormalizable (dim < 4 )
— A gauge invariant fermion mass is generated
by interaction with the Higgs field\ ¢ f1¢fr — ms = v

(v = Higgs vacuum expectation value 250 GeV)

— But there are no right-handed neutrinos
= No renormalizable gauge-invariant operator for tree levelass
— SM gauge invariance also implies the accidental symmetry
GEPM = U(1)g x U(1)p, ¥ U(1)r, x U(1)r,= m, = 0 to all orders
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‘ Implications: New Physics I

A fermion mas<an be seen as at&ft-Right transition

mff_LfR (this is notSU (2) . gauge invariant)

If the SM isthe fundamental theory
— All terms in lagrangian (including masses) must b 1E° mv.ama’nt .
renormalizable (dim < 4 )
— A gauge invariant fermion mass is generated
by interaction with the Higgs field\ ¢ f1¢fr — ms = v

(v = Higgs vacuum expectation value 250 GeV)

— But there are no right-handed neutrinos
= No renormalizable gauge-invariant operator for tree levelass
— SM gauge invariance also implies the accidental symmetry
GEPM = U(1)g x U(1)p, ¥ U(1)r, x U(1)r,= m, = 0 to all orders

Thus the most striking implication of masses:

There is New Physics Beyond the SM

To go further one has to make assumptions. ..
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‘Light Neutrino Mass: Type | See-Saw I

e Introducery. (i = 1,m) and write all Lorentz andU (2);, invariant mass term

1

e After spontaneous symmetry-breaking
LY = _—UrMpur — %ﬁMNV% 4+ he. = —%ﬁM”ﬁJr h.c.
. v 0 ML
Wlthﬁ:(L>andM”:< D)
V]C;i MD MN
v 1 :
° Ll(fngtss = —Z §mk7]kwyéw where VY1 MY VY = diag(my,mao, ..., M31m)
k

e In general if My # 0 = 3+mMajorananeutrino states
vM = VViy + (VPTup)e (verify vM; = My

= Total Lepton Numbeis not conserved
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‘ Type | See-Saw |

1 1—
c£Y = _prMpur — §@MN1/§ +h.c. = —§z7cM"z7+ h.c.

. 0 ML
Wlthﬁ:<yL>andM”:< D)
v, Mp My

e AssumeMy > mp =

e Add m vy, SO

— 3 light neutrinos’s of mass m,,, ~ ML My'Mp
—m Heavyv’s of mass m,,,, ~ My

— The heaviery the lightery, = See-Saw Mechanism
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‘ Type | See-Saw |

1 1—
c£Y = _prMpur — §@MN1/§ +h.c. = —§z7cM"z7+ h.c.

. 0 ML
Wlthﬁ:(yL>andM”:< D)
v, Mp My

e AssumeMy > mp =

e Add m vy, SO

— 3 light neutrinos’s of mass m,,, ~ ML My'Mp
—m Heavyv’s of mass m,,,, ~ My

— The heaviery the lightery, = See-Saw Mechanism
—Naturalexplanation ton, < m;,m,

— Arises in many extensions of the SBO(10) GUTS, Left-right...
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‘Light Neutrino Mass: Type Il See-Saw I

e Add aSU (2) triplet ScalarA = (1, 3);

e One can build a Gauge Invariant Yukawa Coupling

—L = fa;;LLi ALY, + hec.

e The scalar potential:

V(g,A) =Mo" — p?|of* + MZ|AP + (k¢" AT¢ + h.c.)

itis minimum at  (¢) = = = £_ and(A) =

KU
V2 V2 M=
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‘Light Neutrino Mass: Type Il See-Saw I

e Add aSU (2) triplet ScalarA = (1, 3);

e One can build a Gauge Invariant Yukawa Coupling

—L = fa;;LLi ALY, + hec.

e The scalar potential:

V(g,A) = Mo|* — p? 9> + MX AP + (k¢" AT + h.c)
it is minimum at — U — £ and(A) = BV
(0) =I5 = s and(a) = S
/-43’02 . . .
= M, = fAW The heavieA the lightery;, = See-Saw Mechanism

A

o If MZ% /> v (A)< v = Naturalexplanation ton, < m;,m,
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‘u Mass from Non-Renormalizable Operator I

If SM is an effective low energy theoryor £ < Anp
— The same particle content as the SM and same pattern of syynoneaking

— = . 1
But there can beo.n renormalizable r— £SM+ZmOn
(dim> 4) operators — Axp
First NP effect=- dim=5 operator P 1 3\ (3T ¢
There is only one! > Anp ( L’qu) (gb L’j)
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‘u Mass from Non-Renormalizable Operator I

If SM is an effective low energy theoryor £ < Anp
— The same particle content as the SM and same pattern of syynoneaking

_ - i 1
But there can beo.n renormalizable r— ESM+Z —_0,
(dim> 4) operators — Axp
First NP effect=- dim=5 operator re o Z; =\ (e
There is only one! 7 Anp ( L’qu) (gb L’j)
which after symmetry breaking Y v v
induces a- Majorana mass (My)i5 = Zi; Rys
Implications:

— It is naturalthatr mass is the first evidence of NP
— Naturallym, < other fermions masses M\ v if Axp >> v

— See-sawvith heavy fermions or scalar integrated out is a partical@mple of this
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‘ Implications: The Scale of New Physics I

my, > /Am2, . ~ 0.05eV = 10! < Axp < 10°GeV

New Physics Scale
close to Grand Uni-
fication scale

g | Assuming
'—aoL | supersymmetry...
= Grand
7 Unification
G 40 |
& 4+
£ her
%—2[1 = I
O Onion
0 | ) : : Foroe?
1 o 1o e
Energy (GeV)

Recent
hdeasurements
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Mohapatra,Senjanovich; Foot,Lew,He,Joshi

05 can be generated by tree-level exchange of singletf (1, 1),) (Type-I) or triplet
fermions (V; = X; = (1, 3)o) (Type-Ill) or a scalar triple\ = (1, 3); (Type-Il)
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Mohapatra,Senjanovich; Foot,Lew,He,Joshi

05 can be generated by tree-level exchange of singletf (1, 1),) (Type-I) or triplet
fermions (V; = X; = (1, 3)o) (Type-Ill) or a scalar triple\ = (1, 3); (Type-Il)

eFor fermionic see-saw
—Lxp = —iNDN; + $MyijNEN; + N, LodN;[.7]

= 05 = AN ( aqb) (QBTLg) with Axp = My

e For scalar see-saw
—Lnp = anﬁL—aALg —+ Mi |A‘2 —+ /iqu AT qb

= O = 12 ( agb) (QBTLg) with Anp = MTK

Very different physics, but sameparameters: How to proceed?
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e Ay p in See-Saw Models |

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

05 can be generated by tree-level exchange of singletf (1, 1),) (Type-I) or triplet
fermions (V; = %; = (1, 3)o) (Type-Ill) or a scalar triple\ = (1, 3); (Type-Il)

How to proceed?

— Top-down: Assume some specific model and work out the ogisti

— Still Bottom-up: Hope for additional information frooharged LFV collider signals
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Implications: We are here
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‘Implications: We are herélLeptogenesis) |

e Majoranam, = L = Baryon asymmetry can be generated

e How? In the Early Universe viaecay of heavyV Fukugita and Yanagida

—IfCP:T'(N — ¢lp) #T'(N — $E)
— And decay iut of equilibrium
(I' v < Universe expansion rate)

A L is generated

Sphaleron processes A L is transformed imA B ~ —&&
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‘Implications: We are herélLeptogenesis) |

e Majoranam, = L = Baryon asymmetry can be generated

e How? In the Early Universe viaecay of heavyV Fukugita and Yanagida

—IfCP:T'(N — ¢lp) #T'(N — EE)
— And decay iut of equilibrium
(I' v < Universe expansion rate)

A L is generated

Sphaleron processes A L is transformed imA B ~ —&&

e Details are model dependent
In simplest scenarid/ > 10'° GeV, > " m, <0.5eV

Y

But also scenarios for leptogenesis with ~O(TeV) = collider signals
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e Neutrino oscillatiorsearches have shown us
Am3, = 7.50 x 107° eV? (2.3%) |Am3,| =2.45 x 107% eV? (1.9%)
sin® 012 = 0.3 (4%)  sin®fa3 = 0.58 [0.44] IO [NO] (8.5%) sin® 613 = 0.0219 (4.8%)

= Upgp Very different fromUckw

e Still ignoreor not significantly determined
Majorana/Dirac? m, scale leptoni¢P? Normal/lnverted?
Standing PuzzlesSBL anomaliesight steriler’s?
= New experiments needed to answer these questions

NP breakingtotal L — Majoranav : v = v¢

e m, # 0 = Need to extend SM _ _
NP conservingotal L — Diracv : v # v©

e Majoranav’s: generidf SM is LE effective theory and explain lightness
Anp ~ 10 GeVFits OK inGUT
Leptogenesisnay explain the baryon asymmetry
Possiblescenarios with\ y p ~ O(TeV) reachable at LHC
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v masses are BSM physieffects to be put together withi/ other NP effects
from charged LFV Collider signals Cosmo-astroparticle. to establish
the Next Standard Model
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Comment on Theoretical Uncertainties |

e Flux Uncertainties:

5 [rrr1r 1 T T | T I_ 5 _I T | T T 1T | T T 1T | T T 1T
. . C Theo + Sys + Stat ] r Theo + Stat
(1) Total normalizationoorm = 20% A f ] JF E
(2) “Tilt" error B af 3af &
B 5 9 9 r
®5(E) = ®o(E) (E_o) £ 2f e 0 E
0'5:5%EOZQGGV 1F 1F I
(3) vu/ve ratio: o,,c = 5% o5 T 1
. . .2

FE independent for contained events sin” 9
(4) Zenith angle dependence: 5 LA L L B L [T 1T 1] 5 LI L L L L L B
C Sys + Stat ] C Stat only ]
Ozen,i = D%(cos 6); aF - s =
. L vOF 1 S ]
e Cross Section Uncertainties: O3 E S E
o T 7 S r ]
o oL ] L 3
(5) O'n(?r?n:l5% gzz Qg E <E]25 ]
1 o o - 1= Qj -
(6) ofim, = 15%, : : : — z
) 0 I I A A A A 0 Covv v lv v by v by 0
(7) Ug(g)rIr% - 15% for COﬂtaIned 0 0.25 SiOn.25e 0.75 1 0 0.25 SiOﬂ.25e 0.75 1

onomn = 10% for upward-goingpu
(8) (10) QE 17, DIS/ QE,lW,DIS — 0.1-1%

Z,Ve
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\Neutrinos In Matter:Effective Potentials |
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\Neutrinos In Matter:Effective Potentials |

e In SM the characteristie-p interaction cross section
G2.E?

7

~107%em? at E, ~ MeV

g r~

e So if a beam ofb, ~ 10'2's was aimed at the Eartinly 1 would be deflected
so it seems that for neutrinesatter does not matter

e But that cross section is fanelasticscattering
Does not contaifiorward elasticcoherenscattering

e In cohereninteractions=- » andmediumremainunchanged
Interference of scattered and unscatteredaves

e Coherence=- decoupling ofv evolution equation fronegs of medium

e The effect of the medium is described byeffective potentiaepending on
density and composition of matter
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e Lets consider, in a medium withe, p, andn. The effective low-energy Hamiltonian:

Hiy = ZEI0(@) 0 @) + 17 @I @)
ccint V(@) = ve(@)ya(l — y5)e(x) IS (2) = e(@)va(l — 5)ve()
NCint JEV () = Te(@)vall — vs)ve () — e(@) [ya (1 — 75) — $37ale(@)
()

+5(2) [Ya (1 — 9% 95) — 45F7alp(x) — (@) [Yall — g4)75) — 452 7a]n(z)
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e Lets consider, in a medium withe, p, andn. The effective low-energy Hamiltonian:

Hiy = ZEI0(@) 0 @) + 17 @I @)
ccint V(@) = ve(@)ya(l — y5)e(x) IS (2) = e(@)va(l — 5)ve()
NCint JEV () = Te(@)vall — vs)ve () — e(@) [ya (1 — 75) — $37ale(@)
n)

+5(2) ya (1 = ¢Pys) — 4%m1p<x>—ﬁ<x>m<1—gf4 ¥5) — 453 valn(a)

e Example The effect of CC with thee medium.The effectiveCC Hamiltonian

HY = Sk [dpf(E.,T) (e pe) v (1 — 7)1 — 25)les. )} )
:_:eiZ:ange — C\;/EVe’Va(l o 75)”6 fd?’pef(Ee,T) <<e(57pe)|@7a(1 o /75)6‘6(37pe)>>

f(E.,T) statistical energy distribution efin homogeneous and isotropreedium.
[ d&Pp.f(E.,T)=1

<> = averaging over electron spinors and summing ovex.all

coherence= s, p. same for initial and fina¢
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e Expanding the electron fieldsin plane waves

1

(e(s, pe)[@va(l—75)ele(s, pe)) = Vv <e(8,pe)|u_3(pe)al (Pe)Va(1=75)as(pe)us(pe)|e(s, pe))
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e Expanding the electron fieldsin plane waves

(e(s, pe)[@va(l—75)ele(s, pe)) = %(e(s,peﬂu_s(pe)al (Pe)Va(1=75)as(pe)us(pe)|e(s, pe))

e Sincea! (p.)as(pe) = Ne(s)(pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

1

% <<e<s,pe>|ai<pe>as<pe>|e<s»pe>>> = Ne(pe)3 3

S

where N, (p.) number density of electrons with momentpm
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e Expanding the electron fieldsin plane waves

(e(s, pe)[@va(l—75)ele(s, pe)) = %(e(s,peﬂu_s(pe)al (Pe)Va(1=75)as(pe)us(pe)|e(s, pe))

e Sincea! (p.)as(pe) = Ne(s)(pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

1

% <<e<s,pe>|ai<pe>as<pe>|e<s»pe>>> = Ne(pe)3 3

S

where N, (p.) number density of electrons with momentpm

<<6(8,pe)!€va(1 — 75)ele(s; pe)) > = U(s) (Pe) Yo (1 = ¥5)u(s) (Pe)
— Negpe ZTT _ 8<p6)706(1 - ’75)11,3(]?6) — Neg ZTT [us pe)us(pe)/yoé(l - 75)]

= D) 15w (p )T (1~ 79) | = N€§p€>Tr[m5 oL =5)| = Nep) B

s L
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e Expanding the electron fieldsin plane waves

(e(5, pe) Era(1-75)ele(s,pe)) = o

e Sinceal (pe)as(pe)

(e(s, pe)[Us(pe)

al(pe)Va (1=75) as(pe)us(pe)|e(s, pe))

= N (pe) (nUmber operator) and assuming that there are the

same number of electrons with spin 1/2 and -1/2

1
v

% <<e(8,pe)lai(pe)as(pe)|€(8’p€)>> = Ne(pe)% 2

S

where N, (p.) number density of electrons with momentpm

<<6(37Pe)]€’ya(1—fy5) le(s, pe)) > —

— Negpe ZTT _ Us (Pe ) Vo (1 — 75)1&3(296)-
_ Negpe) Try  |us(pe)ts(pe)ya(l —v5) | =

s L

e Isotropy= [ &®*pepef(E.,T) =0
e Also [ d®p. f(E.,T)N.(p.)

U(s) (Pe)Va(l — 75)U(s)(pe)

Neg ZTT [us (Pe)s (pe)va(l — 75)]

_ Nc(pe) Me + P
5 TT[ 2E.

= N, electron number density
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e The effective charged current Hamiltonian due to electromsatter is then:

HY = %v—em%u (@)
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e The effective charged current Hamiltonian due to electromsatter is then:

GpN.__
V2

e Thus the effective potential than “feels” due toe’s

HY = Ze(2)70(1 — v5)ve ()

Vo = <V€\/d3xl—]ée)]ue>

G\I;],V ue]/d%l/e 2)Yo(1 — y5)ve () |Ve)

— d:cuuy \/_GN
V2 v’ !

VC’ — \/iGFNe
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e The effective charged current Hamiltonian due to electromsatter is then:

GpN.__
V2

e Thus the effective potential than “feels” due toe’s

HY = Ze(2)70(1 — v5)ve ()

Vo = <V€\/d3xl—]ée)]ue>

GN
Il [ damriantt = )ve(@)lve
:Gjéve‘lf /d?’:cuuy V2G N,
VC:\/iGFNe

e for 7, the sign ofl/ is reversed
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e Other potentials for. (7. ) due to different particles in medium

medium Ve Vn
e”ande” | £V2Gr(Ne — N: ):FTF(Ne — N2)(1 — 4sin? Ow)
pandp 0 ¢TF(N —N—)(l — 4sin® Ow)
n andn 0 FSE 5 E(N,, — Nz)
Neutral(N. = N,)| +v2GrN. FZEN,

Forv, andv, Vo = 0 for any of these media
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e Other potentials for. (7. ) due to different particles in medium

medium Ve Vn
e”ande” | £V2Gr(Ne — N: ):FTF(Ne — N2)(1 — 4sin? Ow)
pandp 0 ¢TF(N —N—)(l — 4sin® Ow)
n andn 0 FSE 5 E(N,, — Nz)
Neutral(N. = N,)| +v2GrN. FZEN,

Forv, andv, Vo = 0 for any of these media

e Estimating typical values:

Vo = V2GFpNe = 7.6Ye gzl eV
Ne
Y, = NN, = relative number density

p = matter density
— At the solar core ~ 100 g/lcn? = V ~ 10~ 2 eV

— At supernova ~ 10 glem? = V ~ eV
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e v Oscillations can also be understood from the eq. of motiomesk eigenstates




Neutrinos Concha Gonzalez-Garcia

\Vacuum Osclllations Revisited |

e v Oscillations can also be understood from the eq. of motiomesk eigenstates

e A state mixture of 2 neutrino species ) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(x)|vx) = Po(2)|r1) + Pa(2)]r2)



Neutrinos Concha Gonzalez-Garcia
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e v Oscillations can also be understood from the eq. of motiomesk eigenstates

e A state mixture of 2 neutrino species ) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(x)|vx) = Po(2)|r1) + Pa(2)]r2)

e Evolution of ® is given by the Dirac Equationg[= v , az = Yoy (assuming 1 dinj)

E1® = | —icg2 + Bm]P

EQCI)Q = —i&x% -+ 67722 (I)Q
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\Vacuum Osclllations Revisited |

e v Oscillations can also be understood from the eq. of motiomesk eigenstates

e A state mixture of 2 neutrino species ) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(x)|vx) = Po(2)|r1) + Pa(2)]r2)

e Evolution of ® is given by the Dirac Equationg[= v , az = Yoy (assuming 1 dinj)

B & = |

Fo @y =

e We decompos®; (z) = v;(x)e;

— iy 2 + Bmi]®y

S
— G0y 5 + Bmy| Py

¢; 1S the Dirac spinor part satisfying:

(Oéa:{EZZ — m%}l/z + ﬁmz‘) i = Eo; (1)

e ¢, have the form of free spinor solutions with eneigjy



Neutrinos Concha Gonzalez-Garcia

\Vacuum Osclllations Revisited |

e v Oscillations can also be understood from the eq. of motiomesk eigenstates

e A state mixture of 2 neutrino species ) and|vx ) or equivalently ofi;) and|vs)
O(z) = Pe(z)|ve) + Px(x)|vx) = Po(2)|r1) + Pa(2)]r2)

e Evolution of ® is given by the Dirac Equationg[= v , az = Yoy (assuming 1 dinj)

Elq)lz —’i()éx% —|—6m1]<1>1
EQCI)QZ —i&x% +6m2 (I)Q
e We decompose®; (x) = v;(z)¢; ¢; IS the Dirac spinor part satisfying:

(Oéa:{Ez'Q - m%}l/z + ﬁmz‘) i = Eo; (1)
e ¢, have the form of free spinor solutions with eneigjy

e Using (1) in Dirac Eg. we can factoriz@ anda, and get:
8V1 {E1 B }1/2 o ()
8V2 {E2 B }1/2 o ()
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e In the relativistic limit and first order in ma#EQ —mi~F—

2F
m2
() =007 ) ()
—1 57 = 2
o\ vy 0 i Vo
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e In the relativistic limit and first order in ma#EQ —

t ox T E—m?
72 0 5E V2

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

2F Am
I sin 26 I

Am? Am?
—i{%(VOé)—[E—m%erg]l—( S cos 20 KA sin 26

Vg

Am? cos 20

Concha Gonzalez-Garcia

2F
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e In the relativistic limit and first order in ma#EQ

t ox T E—m?
72 0 5E V2

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

2F

A A
o (Ve m3+m3 4”5 4”5 sin260\ (va
~i5g = |BE— 521 = | o Am?
% v =5 cos 20 V3

e An overall phaser,, — €™ v, andvs; — €774 is unobservable
B B

. . 1 0 .
= pieces proportional té = (0 1) do not affect evolution:
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e In the relativistic limit and first order in ma#EQ 2~ o F

t ox T E—m?
72 0 5E V2

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

A A
o (Ve m3+m3 4”5 4”5 sin260\ (va
~i5g = |BE— 521 = | o Am?
% v =5 cos 20 V3

e An overall phaser, — €"v, andvg — €""v4 is unobservable

. . 1 0 .
= pieces proportional té = (0 1) do not affect evolution:

Am Am
RN Am® sin 20 Am® cos 26 1
B AE AE 3
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e Evolution Eq. for flavour eigenstates:

(Da) _ ( Aﬁ; cos 20 Aﬁ; stH) ( a)
Vg Aﬁé sin 20 Aﬁ; cos 20 V3
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e Evolution Eq. for flavour eigenstates:

Vg AE AE
Can be rewritten as

- 2 .

Vo + wr, =0

Vg —|—w2yg:()

(Da) _ ( Aﬁ; cos 20 Aﬁ; sin 20
Am 09 AmZng90

with

) (¢

W =

)

Am?
4F

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

(pa> ( AmZeos20 Am sm29> ( a)
vg ) Aﬁ; sin 20 Aﬂé cos 20 Vg
Can be rewritten as
Uy + w?re =0 , Am?
with W =
IJg + w2 vg =0 1F
e The solutions are:
l/a(x) _ Al e —1WT 4 Ag e +rwx
1/5(513) _ Bl e —lwxT n BQ e +17 wx

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

Concha Gonzalez-Garcia



Neutrinos Concha Gonzalez-Garcia

e Evolution Eq. for flavour eigenstates:

(Da> _ ( Aﬁ; cos 20 Aﬁ; st@) ( a)
Vg Aﬁ; sin 26 Aﬂé cos 26 Vg

Can be rewritten as

Uy + w’r, =0 Ah B Am?
wi W = o

Vg -+ w? vg =0
e The solutions are:
Vo(z) = A, € T o4, e e
vg(z) = By e v 4 B, € oW

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

Ay =sin®0 A, = cos?® 6

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



Neutrinos Concha Gonzalez-Garcia

e Evolution Eq. for flavour eigenstates:

(Da> _ ( Aﬁ; cos 20 Aﬁ; st@) ( a)
Vg Aﬁ; sin 26 Aﬂé cos 26 Vg

Can be rewritten as

Uy + w’r, =0 Ah B Am?
wi W = o

Vg -+ w? vg =0
e The solutions are:
Vo(z) = A, € TIET 4, @ TR
vs(z) = B, € T 4 p,@ e
with the conditionv, (z)|? + |vg(x)]? = 1

Ay =sin®0 A, = cos?® 6

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

e And the flavour transition probability

Am2L
P(vy — vg) = |vg(L)|? = Bi + B + 2B By cos(2wL) = sin®(20) sin® ( Z; )
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‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

2
my 0
(a) In vacuum in the mass bas —i-> (V1> _F_ ( 2z ) <V1>
V2 2

L) U
0 o7 2
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Neutrinos
‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

=
(a) In vacuum in the mass bas —i-> (V1> _g_[22 ° <V1>
V2 O % V9

(b) In vacuum in the weak basis

Am? Am?
o (Ve _p_mitmi ([ TT4E cos 20  =—sin 20 v,
ox T 2F Am? - Am?
1% sin 260 cos 26 125°

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

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

2
: my 0
(a) In vacuum in the mass bas —i-> (V1> _g_[22 ° <V1>

(b) In vacuum in the weak basis

1 5 5 Am? Am
_Z'i € — F — mitms 4E 4E Ve
ox 2F Am? Am? Ux

VX 1E 1E

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

,i(ue>:E_VX_m§+mg_(V V. 4EC082(9 Aﬂjﬁsm%’)( e)
2B Am” in 20 Am” 0520

—t ox U
X AE 1E
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Neutrinos
‘Neutrinos In Matter: Evolution Equation I

Evolution Eq. for|v) = v1|v1) + va|ve) = velve) + vx|vx) (X = p, 7, sterile)

2
: my 0
(a) In vacuum in the mass bas —i-> (V1> _g_[22 ° <V1>

(b) In vacuum in the weak basis

Am? Am
_ii(ye>_E_m%+m§_( AE 1E_ )(e)
Ox o 2F Am? Am?
VX AE AE VX

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

Am
—’ii(ye>:E—VX—m%+mg—(V Vx — 2 = — Am’ 1520 = sm%’)( e)
77 \vx b A{'El Aﬁ;ﬁ cos 20

(c)+# (b) becauselifferent flavours,
havedifferent interactions

For exampleX = pu, 7:

Voo = Ve — Vx = V2Gr N,

(opposite sign fop) Ve, Vp, Ur only ve
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= Effective masses and mixing are different than in vacuum

= If matter density varies alongtrajectory the effective masses and mixing vary too

Theeffective massegA = 2E(V. — Vy))

m%—l—m2

,ul,g(a:) = 2 + E(Ve + VX)

1
+ 2 \/ (Am? cos 20 — A)? 4+ (Am? sin 20)?

IJ-ZA

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

= If matter density varies alongtrajectory the effective masses and mixing vary too

Theeffective masseqA = 2E (V. — Vx)) Themixing angle in matter
2 2 2 .t
mi +mj ___Am~“sin 260
— 172 BV, 4+V tan 26,, =

p1,2() +E(Ve +Vx) m= N2 o0p A

1

- 2 _ A2 2 & 2 S —
:I:Q\/(Am cos 20 — A)° + (Am? sin 20) £ ésinz 80001

L

At resonanpotential: A = Am? cos 26 * At A = 0 (vacuum)=>0,,, = 0
Minimum Ap? = p3 — pf *AtA=Ar =60, =73

*AtA>>AR?Qm—>%
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The oscillation length in vacuum

4 E
LOSC —
0 Am?
The oscillation length in matter
L§¢ AT E

LOSC — —
V(AmZcos20 — A)? + (Am?sin20)2  Ap?
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The oscillation length in vacuum

osc __
LO

The oscillation length in matter

osc __

Concha Gonzalez-Garcia

4 FE
 Am?

Lese ArE

V(Am?cos20 — A)? + (Am2sin20)2  Ap?

L°%¢ presents a resonant behaviour

0SC

0S
LT g
A

At the resonant point

LOSC
Losc _ 0

R sin 26

The width of the resonance in potential:
Am? sin 26

oVp = I

The width of the resonance in distance:
oVr

57”R — av
|5 | R
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¢ In terms of the mass eigenstates in mat ( Ve ) = Ul (z)] (Vl (x))

VX vy ()

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

2
P,..= sin2(26’m) sin? (A,u L)

25
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¢ In terms of the mass eigenstates in mat ( v ) = Ul0m(x)] (Vin(x))
VX vy ()
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 ( 5T )

e For varying potential ( ve ) = U0 ()] (Zgg;) + Ulfm ()] (Zgg;)

Vx
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m
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Neutrinos
e In terms of the mass eigenstates in mat ( Ve ) = Ul (z)] ( .
UVx Vo (QU)

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

2 . 92 A/LQL
P,sc = sin“(26,,,) sin ( 5L )

o1 (2) )

e For varying potential (j;) = U[fm ()] (Zgg;) + Ulom ()] (05”(96)

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

| Ve 1 A — Ag”2 cos 20 AZ”Q sin 26 Ve
) = —
Ux 2F A"Qn2 sin 260 A"Qn2 cos 20 Ux
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Neutrinos
e In terms of the mass eigenstates in mat ( Ve ) = Ul (z)] ( .
UVx Vo (QU)

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 ( R )

e For varying potential (j;) = U[fm ()] (Zgg;) + Ulom ()] (Zgg;)

= the evolution equation in flavour basis (removing diagorat)p
| Ve 1 A — Ag”2 cos 20 AZ”Q sin 26 Ve
( = —
Ux 2F A"Qn2 sin 20 A"Qn2 cos 20 125
= the evolution equation in instantaneous mass basis

2 2
%4 1 A — AM 6520 AMigin 26 1%
— Ui, 2 2 U6,
! (,éﬂ) 2F ( ) ( AZLQ sin 20 A"QnQ cos 29) ( ) (V

V3 73
N~
|
.
d
L
=
D
R
S S
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Neutrinos
e In terms of the mass eigenstates in mat ( Ve ) = Ul (z)] ( .
UVx Vo (QU)

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 ( R )

o1 (2)

e For varying potential (j;) = U[fm ()] (Zgg;) + Ulom ()] (Dé”(w))

= the evolution equation in flavour basis (removing diagorat)p
Ve 1 A — Ag”2 cos 20 AZ”Q sin 26 Ve
! vx ) 2F A"Qn2 sin 20 A"Qn2 cos 20 125
= the evolution equation in instantaneous mass basis
%4 1 A—AmZeoosop  Amgnog %
- _—yUt,, 2 2 U0
! (,/5”> 2F (0m) ( AZLQ sin 26 A"QnQ cos 20 (0rm) U
Lo 1 [ —Ap?(z) —4iE0,,(z)\ (v
1 = — .
AE \4i FE0,,(x) Ap? () i

vy

V3 73
N~
|
.
d
L
=
D
R
S S
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

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

= Transitionsy]" — v4* can occur= Non adiabaticity
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

= It is not diagonal= Instantaneous mass eigenstatesigenstates of evolution

= Transitionsy;® — v3* can occur= Non adiabaticity

e ForAp?(z) > 4 FE6,,(x) [%% < Am 852822299} = Slowly varying matter potent
R

= v, behave approximately avolution eigenstates
= v do not mix in the evolutiohis is theadiabatidransition approximation
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

= It is not diagonal= Instantaneous mass eigenstatesigenstates of evolution

= Transitionsy;® — v3* can occur= Non adiabaticity

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

L < Lap s o } = Slowly varying matter potent

= v, behave approximately avolution eigenstates
= v do not mix in the evolutiohis is theadiabatidransition approximation

The adiabaticity condition

1 dV - Am? sin® 260
Vdx IR 2F cos 260

= 2worr > L%

= Many oscillations take place in the resonant region
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosrer, produced in the corel{ < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 02 03 04 05 06 0.7 0.8 0.9 1

R/RSUN

Voo = V2GpN, ~ 10_14]]\\,7—2 eV
At core: Voo ~ 10714-10712 eV
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosirev,. produced in the coreH < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0O 0.1 02 03 04 05 06 0.7 0.8 0.9 1

R/RSUN

Voo = V2GpN, ~ 10_14%—; eV
At core: Voo ~ 10714-10712 eV

Neutrino Flux

The energy spectrum of solafs

SuperK, SNO
. : | SNC
1Gallium (Chlorine |
1012 ¢ —

Bahcall
1011 m

4 PP\ ;1%
1010 E
109

3 +10%
108

E "Be 7Be
107
108 r
106 r
104 i/,
103
102 r
10t i . 0

0.1 0.3 1 L N

Neutrino Energy (MeV)

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

e Solar neutrinosirev,. produced in the coreH < 0.3R) of the Sun

The solar matter density The energy spectrum of solafs
~ 4 Gallium _ (Chlorine |—SuperXk, SH9
é 3 ; 7 o = Bahcall
o x o F
O k= 10ef

[c 3 3 +10%
g i:ji "Be "Be
=, mSér
~4070.1702 0.5 04 05 06 0.7 08 08 1 10
R/RSUN 1010.:1 I 0.I3 1 3 10
—14 N i
VCC — \/§GFN€ ~ 10 i eV Neutrino Energy (MeV)
: —14_1—12
Atcore:Veco ~ 1077107 “ eV E, ~ 0.1-10 MeV

e FOrv, < v, ;, Invacuumy, = cos vy + sinf v

e For107?eV? < Am? <107*eV? = 2E,Voco > Am? cos 20
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\Neutrinos In The Sun : MSW Effect |

e Solar neutrinosirev,. produced in the coreH < 0.3R) of the Sun

The solar matter density The energy spectrum of solafs
~ 4 Gallium _ (Chlorine |—SuperXk, SH9
é 3 ; 7 o = Bahcall
o x o F
O k= 10ef

[c 3 3 +10%
g i:ji "Be "Be
=, mSér
~4070.1702 0.5 04 05 06 0.7 08 08 1 10
R/RSUN 1010.:1 I 0.I3 1 3 10
—14 N i
VCC — \/§GFN€ ~ 10 i eV Neutrino Energy (MeV)
: —14_1—12
Atcore:Veco ~ 1077107 “ eV E, ~ 0.1-10 MeV

e FOrv, < v, ;, Invacuumy, = cos vy + sinf v

e For107?eV? < Am? <107*eV? = 2E,Voco > Am? cos 20

=> v can cross resonance condition in its way out of the Sun
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Ford < Z: Invacuum v, = cosfrv; + sinf vy 1S mostlyr,
4

In Sun core v, = cosb,, ov; + sinb,, gvy IS Mostlyvs,

(Am?/eV?)sin? 26 —9
If (E/MeV)cos 26 >3 x 10
= Adiabatictransition

x 1 IS 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, = cosb,, ov; + sinb,, gvy IS Mostlyvs,

(Am?/eV?)sin? 26 —9 (Am?/eV?)sin? 26 —9
It (E/MeV)cos 26 >3 x 10 It (E/MeV)cos 26 SJ 3 x 10
= Adiabatictransition = Non-Adiabatictransition
* v IS mostlyr, before and after resonance x v iIs mostlyv, till the resonance
x 0,, | dramaticallyat resonance x At resonance the state can jump intp
= 1, component = P, | (with probability Py, )
This i1s the MSW effect = v, component = P.. |
HZA V,
/
m2 Vu :
| / b k
v,
Ap A An A
P.. = 2 [1+ cos20,, o cos 20| P.e = 2 [1+ (1 — 2P z)cos 26,, ¢ cos 20
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\Neutrinos In The Sun : MSW Effect |
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\Neutrinos In The Sun : MSW Effect |

1 1
v does not cross resonan( P, = 1 — 5 sin® 20 > 5
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\Neutrinos In The Sun : MSW Effect |

1 1
v does not cross resonan( P, = 1 — 5 sin® 20 > 5

____________
.-

~
S~

...............

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

4E /Am* (eV™)

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

1 1
v does not cross resonan( P, = 1 — 5 sin® 20 > 5

____________
.-

~
S~

s '
A ’
~

N ’
-------------- ‘

0
/ 10" 10" 10 10" 10" 10" 10" 10"®

4E /Am* (eV™)
U CroSSes resonance .

. - A . 2
MSW effect Adiabatic MSW transitior P.. = sin“ 8 < 5
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\Neutrinos In The Sun : MSW Effect |

1 1

v does not cross resonan( P, = 1 — 5 sin? 20 > 5

diabacity breaking
| Effect of P,

O / |
/ 10'° 10 10" 10'® 10" 10'®

4E /Am* (eV™)
U CroSSes resonance .

: : . - 1
MSW effect Adiabatic MSW transitior P.. = sin“ 0 < >
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‘Neutrinos from The Sun : The Full Story I

A(Ve — Ve) — ASun(Ve — Vl) X AvaC(V1 — Vl) X AEarth(Vl — Ve)

—|_ASun(Ve — V2) X Avac(VZ — V2) X AEarth(”Q — Ve)

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

Ll Lo | HHH‘ | \\\HH‘ | \HHH‘ | \\\HH‘ | \HHH‘ | \\\HH‘ | \HHH‘ Lo L
10910 10" 10" 10" 10" 10" 10" 10"® 10"° 10

4E /Am?® (eV™")

20
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‘3 V. B3 Octant and Mass Orderingl

IO NO
4 _I | T TT | T TT | T 1T LN L | I_ _I | Tir 71 \I T TT T 1T I T T I_
E \/\ E E | E — Sol + Rea + Minos-Dis
S 1 C | ] — +T2K-Dis
. / 1t . — + T2K-App
Néf . X 1 C _ —— + Minos-App
- 1 F | - + Atmos
1 \ 1F -
O :I | 1 11 | 1 1 | 1 11 A 1 1 | I: :I | | I | | | | 1 11 | | | I:
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
sin’ 923 sin’ 623
e Determination of Octant of»5: e Determination of Mass Ordering:
— 043 = 45 Disfavoured at 1. — No significant difference NO vs I(
Mostly driven by MINOSy,, DIS IO favoured at I
—10: 053 > 45 Favoured at 1.4
Driven by T2K-APP+REACT e Sign and size of these 1-bL:5hints”
—NO: 655 < 45 Favoured at b vary among analysis

Driven by SK I-IV ATM Sub-GeVr, excess
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‘BV Analysis: Leptonic Unitarity Triangles I

NuFIT 2.0 (2014)
O 5 T T T T | T T T T T T T T T T T T T T T T T T T T T | T T T T | T T T T |D T
Al E 1L 2=-mp E ]
- = - UelueZ =
S - 4 L .
£ 0 10 7]
05 L 1L |
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | |- 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | -
0 5 T T T T | T T T T | T T T T | T T T T | T ] T T T T | T T T T | T T T T | T T T T | T
- - o —
~ L 1L z=-mp T
_ 1L U, Ul
S B T r ‘ u . ud T
£ O 10 7]
05 L AL |
1 | | | | | | | | | | | | | | | | | | | 1 7 C 1 | | | | | | | | | | | | | | | | | | | 1
O 5 T T T T |D T T T T | T T T T | T T T T | T T T T T | T T T T | T T T T | T T T T |[I T
ol u, U 10 Ve
i Z:_Dt]}iug 1L Tru,ul ]
@ 0 __ A umuD __ __ ,‘; az \ U, Ul __
g B Y% o U5 1T S° 0 T
- “ 7 U\ﬂ 4 L U“’ZU\'\S -
05 L 1L |
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 C_1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

-1 -0.5 0 0.5 1 1 -0.5 0 05 1

Re(z) Re(2)
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‘3V Analysis: CL of CP hints I

MC generation of probability distribution @k y?*(4.,,) for T2K+DB

— observeddata —— Ay levels NuFit 2.0 (2014)

8
7
6
5 \
N><
g4 : =
3R mARA
2 ;
\
1
0 o
90 180 270 0 90 180 270 360
5CP 6CP

—Prob ¢ smaller tharProb, 2 _14,¢
— “Allowed” interval at given CL smaller than assumirg distribution
— Strongdependence on trug; due to degeneradps-octantsig|sin(d., )]
2
P,. ~ s335sin” 2013 (AB—Z;) sin” (%)

= . Vi L . B L
+J %/—22 AB—:;l sin (%) sin (%) COS(A?’QlL :I:5cp)

By =A31 £ Vg J = c13 sin 201 3sin 2023sin 2019
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‘Implications: LFV & Collider Signatures |

e v Oscillation=- Lepton Flavour is not conserved

Ifonly O5 = Br(t — u~y) ~ 10~* too small!

e But dim=6 operators areN conservingbutLFV (f.e. Og ~ Lo LgL-L),).

So may be L=Lsy+ 10\5;‘]3 (L_aqg) (&TLg) + Z X%; Os,i
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‘Implications: LFV & Collider Signatures |

e v Oscillation=- Lepton Flavour is not conserved

Ifonly O5 = Br(t — u~y) ~ 10~* too small!

e But dim=6 operators areN conservingbutLFV (f.e. Og ~ Lo LgL-L),).

So may be L=Lsy+ 10\5;‘]3 (L_aqg) (q?TLg) + Z X%; Os,i

¢ In general to havebservable LF\bne needs taecouple
New PhysicscaleA ;, n responsible for themallm, from
New PhysicscaleA r (< A y) controlling of LFV

e Collider signature#f heavy state mass/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ Apr ~ TeV (<« Apn) motivation of lightr OK

Furthermore ifcg ; oc ¢5°°™° POV = | FV andcoll signalsdirectly related tal/,



Neutrinos Concha Gonzalez-Garcia

‘Implications: LFV & Collider Signatures |

e v Oscillation=- Lepton Flavour is not conserved

Ifonly O5 = Br(t — u~y) ~ 10~* too small!

e But dim=6 operators areN conservingbutLFV (f.e. Og ~ Lo LgL-L),).

C5aB (7 T +C C6,i
So may be L=L (La)( L) Og.i
y SM T+ ALN Qb ¢ I} + EZ: A%F 6,
¢ In general to havebservable LF\bne needs taecouple
New PhysicscaleA ;, n responsible for themallm, from
New PhysicscaleA r (< A y) controlling of LFV

e Collider signature#f heavy state mass/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ Apr ~ TeV (<« Apn) motivation of lightr OK

Furthermore ifcg ; oc ¢5°°™° POV = | FV andcoll signalsdirectly related tal/,

Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Pato (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)



