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\Conclusions at ICHEPO2 |

e Big experimental effortflavor conversion proved

Solarv's : Verification of Flavour Conversion, tov, or v, at 5o
Atmosphericv,,’s disappear$ 150) most likely tov,

e Most likely explanation is\eutrino oscillation
andsoon this will be testewith “man-made”
neutrinobeams from reactor and accelerators

e v massesmply physics beyond the standard model

e Furtheradvancaequiresmore and more precise data



Data/Prediction (null oscillation)

Ratio to no oscillations
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By 2012 we have observed with high (or good) precision:

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

+ Acceleratorv,, & v,, disappear aL ~ 250[700] Km (K2K,T2K, [MINOS])

+ Some acceleratar, appear ag. at L ~ 250[700] Km ( T2K, [MINOS])

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

x Reactorv, disappear al, ~ 200 Km (KamL AND)

x Reactorr, disappear al. ~ 1 Km (D-Chooz,Daya-Bay, Reno) [NEW 2012]

We have confirmed:
Vacuum oscillation./ E pattern

MSW conversion in Sun

I ‘ ats. n\ydecoh?rence fit
24 %6 % 10
Reconstructed neutrino energy (GeV)
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e By 2012 we have observed with high (or good) precision:

+ Atmosphericv, & v,, disappear most likely to, (SK,MINOS)
+ Acceleratorv,, & v, disappear aL ~ 250[700] Km (K2K,[T2K, MINQOS])
* Some acceleratar, appear ag, at L ~ 700 Km ( T2K, MINOS)
* Solarv, convert tov, /v, (Cl, Ga,SK, SNO, Borexino)
x Reactorv, disappear al, ~ 200 Km (KamL AND)
x Reactorr, disappear al. ~ 1 Km (D-Chooz,Daya-Bay, Reno)
All this implies that neutrinos are massive

and There is Physics Beyond SM
e Theimportantquestion:
What is the BSM theory?

e Thedifficult path:
Detailed determination of the new low energy parametmrati



\uintheSM |

The SM is a gauge theory based on the symmetry group
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\yintheSM |

The SM is a gauge theory based on the symmetry group
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Accidentalglobalsymmetry B x L, x L, x L,

4
v Strictly massless
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\The New Minimal Standard M odel |

e Minimal Extensions to give Mass to the Neutrino:

+ Introducerr AND imposel conservation= Diracv # v°.
L=Lgy — M,vrvg + h.c.

« NOT imposeL conservation= Majoranav = v°
L=Lsgpn — %Myﬁvg + h.c.
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\The New Minimal Standard M odel |

e Minimal Extensions to give Mass to the Neutrino:

+ Introducerr AND imposel conservation= Diracv # v°.
L=Lgy — M,vrvg + h.c.

« NOT imposeL conservationr= Majoranav = v°
L=Lsgpn — %Myﬁvg + h.c.

e The charged current interactions of leptons are not didgsaae as quarks)
9 v+ ij 7 ' ij 7T '
—W E U 00" Lv? + U, U~ L D7) + h.c.
\/§ L — ( LEPY Y CKM 8 )

Vj Uj
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\3u Flavour Parameters |

e Forfor 3v's : 3 Mixing anglest 1 Dirac Phase& 2 Majorana Phases

1 0O O C13 0 Slgei(st co1 S12 0 e 0 0
ULgp = |0  c23 s23 0 1 0 —S12 ¢c12 0O 0 €20
0 —s23 co3 —8136_16Cp 0 C13 0 01 0 0 1
NORMAL INVERTED 5
N ml <
=
- - q
e Two Possible Orderings .
©
= m,
< ¢ ml m
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\3u Flavour Parameters |

e Forfor 3v's : 3 Mixing anglest 1 Dirac Phase& 2 Majorana Phases

1 0 0 C13 0 Slgei(st C21 S12 0 e 0
ULep = |0  ca3 sa3 0 1 0 —S12 ¢c12 0O 0 12 ()
0 —s23 co3 —8136_15Cp 0 C13 0O 01 ) NI
NORMAL INVERTED 5
"5 5
%
e Two Possible Orderings 5
N88 m,
< ¢ my m,
Experiment Dominant Dependence Important Dependen
SolarExperiments — 012 Am3, , 013
Reactor LBL(KamLAND) — Am3, 015 , 013
Reactor MBL(Daya-Bay, Reno, D-Chooz) — 63 Am2,
AtmosphericExperiments — a3 AmZ,.., 013 0cp
Accelerator LBLy,, Disapp(Minos) — Am?2 023
Accelerator LBLr, App (Minos, T2K) — Ocp 013 , 023
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Flavour Parameters. Present Status

Global 6-parameter fit post2012
Maltonl Schwetz, Salvado MCGG
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Flavour Parameters. Present Status

Global 6-parameter fit post2012
Maltonl Schwetz, Salvado, MCGG
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Global 6-parameter fit post2012
Maltoni, Schwetz, Salvado, MCGG
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Global 6-parameter fit post2012
Maltoni, Schwetz, Salvado, MCGG
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\Flavour Parameters. Present Status |

Global 6-parameter fit post2012 = :
Maltoni. Schwetz, Salvado, MCGG Curves = uncertainty on reactor fluxes
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‘Some Issuesin 3 v Analysis. Reactor Anomalyl

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

e Both reevaluations find higher fluxes by abg8ui %

1.3 = 7 ]
B g @ ]
L n >
L ™ 8 8==
12F. o 3 8§ ., & TF =
T [ @ Z S 3 v
= r o o -
r 5 O HH A
= 11a & —

e Sonegativareactor experiments 8 r
at short baselines (RSBL) inded' =+ 141 e :
observed a deficit £ oof - BRI I :

0.8F- « o E IR B

0.7C

e If due to oscillationsAm? ~ eV? = steriler’s (more soon)

Neutrinos: Theory Concha Gonzalez-Garcia



‘Some Issuesin 3 v Analysis. Reactor Anomalyl

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

e Both reevaluations find higher fluxes by abg8ui %
1.3

1.2

ILL

} Krasnpyars
1
| 11

} Goesgen

dicted
Bugey 4
ROVNO

1.1F

e SO negativereactor experiments ¢ | r
at short baselines (RSBL) inded' =+ 141 e :
observed a deficit £ oof ‘ T :

0.8l « o E 1 4t -

0.7C

e For 3v analysis a consistent approadh$chwetz et. al. [arXiv:1103.073}]
— Fit oscillation parameters and reactor fluxes simultaslou
— Use theoretical calculation and/or RSBL data as priors
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Neutrinos: Theory

e Experiments without near detector
(CHOOZ, Palo-Verdd®-CHOO2Z
sensitive to the flux assumptions

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

e TWO extreme priors :
Use fluxes fromHuber 1106.0687
without RSBL data
013 = 9.2° £ 0.46°
Leave flux free and include RSBL
013 = 8.7° £ 0.45°
Shift at the I level

Concha Gonzalez-Garcia



\ 623, Mass Ordering, ocp |_ N (o Do +rsBL)
-—- | (Huber)

e 0,5 determination in global analysis: — ! (Free Flix*RSBL)
— Maximalf-5; = 45 Disfavoured afl..6—20 level
Now mostly driven by MINOS/,, DIS

15

3 : I T 1 | | T T T | | | L | ' TT |:
— 250 t\:_z‘j ~
> - _
q) — . - —
° L Fitwithout ATM
NEﬂS C ]
< C ]
-25 — ]
_3 : 1 1 1 | | 11 1 | | 11 1 | 1 11 |:
0.3 0.5 1 2 3

tan2 923

Neutrinos: Theory Concha Gonzalez-Garcia



o3, Mass Ordering, dcp

e (/53 determination in global analysis:
— Maximalf-5; = 45 Disfavoured afl..6—20 level
Now mostly driven by MINOS/,, DIS
— First octant)s; < 45 Favoured ai..6—2¢ level 3
Driven by SK I-Ill ATM Sub-GeVv, excess
It seems to be reduced in SK-1V analysis

Neutrinos: Theory
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-—- N (Huber)
023, Mass Ordering, 0cp |\ rree fuxs rset
--- | (Huber)
— | (Free Flux +RSBL)

lobal(with ATM)
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e (/53 determination in global analysis: s
— Maximalf-5; = 45 Disfavoured afl..6—20 level i
Now mostly driven by MINOS/,, DIS 10 -
— First octant),; < 45 Favoured afL..6—2¢ level "
Driven by SK I-Ill ATM Sub-GeVwv, excess 5[
It seems to be reduced in SK-1V analysis
e sign(Am2,. ) determination in global analysis: 03

— No significant difference Normal versus Inverted
Driven by SK ATM
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Neutrinos: Theory
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o3, Mass Ordering, dcp

e (/53 determination in global analysis:
— Maximalf-5; = 45 Disfavoured afl..6—20 level

15

Now mostly driven by MINOS/,, DIS 0
— First octant)s; < 45 Favoured ai..6—2¢ level "
Driven by SK I-Ill ATM Sub-GeVv, excess 5

It seems to be reduced in SK-1V analysis

e sign(Am?, ) determination in global analysis:

— No significant difference Normal versus Inverted 5
Driven by SK ATM

e 0 p determination in global analysis:
— Signal at most at.7 o level
Driven mostly by SK ATM (slight LBLv,. app) .
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6CP
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o3, MassSOrdering, 0cp |2 N e RssL
--- | (Huber)

ination i i | (Free Flux +RSBL
e (/o5 determination in global analysis: o»:;a (Free Flux +RSBL)

. B . Q |III|IIII|IIII|"III|

— Maximald-; —.45 Disfavoured afl.6—2¢ Ievel\(\ N\NJPRE ¥ obal(with ATM):
Now mostly driven by MINOS/,, DIS & \Oeé@

— First octant),; < 45 Favoured af ’@\\e N\

I
I
I
U
d
U
U

o N i
Driven by SK I—IIl ATM Sub e & (& S -
X : :
It seems to be reduce”. &t © W : :
e *6\ B | | | | ]
° Slgn(Amatm) def\@\,\\&@\’o&(\ . analysis: % o5 L T2 3
tan" 0
— No signi?, o A° PgN\ .nal versus Inverted 2

BRRRARERERN RERR RN REN
Dr# %\6\\‘5 ae° o Global (with ATM)

ae
‘(\\(\Q (\6 0\) ) 10
Q2 0@6 0
639 Ga\ ..natlon In global analysis:
9\6\9 qlficant at most &t.7 o level

Driven mostly by SK ATM (and slight LBLv,. app) )

0 = |||||||||||
-180 -120 60 0 60 120 180

6CP
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\Flavour Parameters. Present Status |

e The derived ranges for the six parameter$at3o):

Am3, = 75 =£019 (F)3) x 107 eV? @1 = 32.4° £0.8° <f?133>
Am3 (N) = 2457087 (F0R) x 1070 eV?  fay = 40475050 (L1
Amd|(1) = 24340068 (*§33) x 1072 eV? 015 =8.7° £0.45° (113)

o s Eﬁ%ﬁ}}
(I) =59°Tgo. (2570

0.795 — 0.841 0.517 — 0.584 0.141 — 0.179
UlLEp@so) = | 0.213 — 0.543 0.425 — 0.728 0.575 — 0.802
0.213 — 0.541 0.411 — 0.720 0.576 — 0.802

Neutrinos: Theory Concha Gonzalez-Garcia



\Flavour Parameters. Present Status |

e The derived ranges for the six parametersa(30):

Am3, = 75 =£019 (F)3) x 107 eV? @1 = 32.4° £0.8° <ﬁ:83>
Am3 (N) = 2457087 (F0R) x 1070 eV?  fay = 40475050 (L1
Amd|(1) = 24340068 (*§33) x 1072 eV? 015 =8.7° £0.45° (113)

Lo s E%gg;
(I) =59°Tgo. (2570

0.795 — 0.841 0.517 — 0.584 0.141 — 0.179
UlLEp@so) = | 0.213 — 0.543 0.425 — 0.728 0.575 — 0.802
0.213 — 0.541 0.411 — 0.720 0.576 — 0.802

e Good progress but still precision very far from:

0.97427 £ 0.00015  0.22534 + 0.0065  (3.51 £ 0.15) x 1073
Vi]ekm = | 0.2252 4 0.00065 0.97344 +0.00016  (41.2711) x 1073
(8.677029) x 1073  (40.473 %) x 1073 0.99914670-000021

Neutrinos: Theory Concha Gonzalez-Garcia



\Neutrino M ass Scale |

Singles decay : Dirac or Majoranar mass modify spectrum endpoint

K(T)

2 _ 27T 12 2 2.2, 2 2.2 2.2
my,, = E :mj|Uej‘ = C13C12M7 1 C13872M5 + S13M3

v-less Doubles decay: < Majoranar’s sensitive to Majorana phases

; Y If 1m,, only source ofAL  (T7/,) ™" o (mee)?
n
2
> ¢ Mee = |ZUejmj|
pt/:i—>— o~ = |35ciamy € + clgsTama €2 + siamg em 0P|
n

p
COSMO Neutrino massirac or Majorang
modify the growth of structures > m;
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\ Neutrino M ass Scale: The Cosmo-L ab Connection |

Global oscillation analysis

= Correlated ranges fon,,_, m.. and>_ m,
(Fogli et al(04))

Update Maltoni, Schwetz,Salvado, MCG85%)

-~ E T

% - AExo 90% CL

— [ Mexo 907 clb8 Hlom
w10 T
[

R
SRS
SEL AR IRARLR AR LG
FEL A I ALK A G

\.. 0:.‘.: 0,,0

0 |
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\ Neutrino M ass Scale: The Cosmo-L ab Connection |

Global oscillation analysis

= Correlated ranges fon,,_, m.. and>_ m,
(Fogli et al(04))

Update Maltoni, Schwetz,Salvado, MCA@5%)

—~ T T |

o Width due to range in oscillation

ra parameters very narrow

: i High precision determination of
0 E - |m,, and>_m; can give informas
S | |tion on ordering

/\ E

% - AExo 90% CL

— [ Mexo 907 clb8 Hlom
w10 T
[

0 |

Wide band due to unknown
Majorana phases

LIS 5
RS 2SORA

[ RK AR
(e Z”
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\Neutrino M ass Scale: The Cosmo-L ab Connection |

Global oscillation analysis

Analysis of Cosmological data

= Correlated ranges fon,,_, m.. and>_ m,

(Fogli et alhep-ph/040804p

Our update posr2012(95% CL)

< | ST TR e
> C % ' OE 6 /g/:
. ; i+
o o lseT | B
— - T - | 2
—1 = Z |3 o
910 = N T
3 B I O -] I
E - 22 2 35 2
L i Al O
i oo o (9 gl e
si= = |g 4| &
—2 oro O |+ s
0 gd e |5 £
i N 2 B AR SRR I
i =3 = =
- oo o B S
L O: O O O O -
_3 <:< < |3 '3
']O ‘ RN Nl :©
-~ = T T T I
% - AFx0 90%Cl 2 |
= 5 ' e R
, Ge Claim : LA
— [ DExo90% Lt B sEss
@10 E I ' —_
g C
—2
10 E
10 —

Neiitrinos: Theorv

Bound on) | m, changes with:
cosmo parameters fin analysis
cosmo observables considered

Model Observables ¥m, (eV) 95% Bound
owCDM + ANyel + my, CMB+HO+SN+BAO <15
owCDM + ANyet + my, | CMB+HO+SN+LSSPS < 0.76
ACDM + m,, CMB+HO+SN+BAO <0.61
ACDM + m,, CMB+HO+SN+LSSPS < 0.36
ACDM + m,, CMB (+SN) <12
ACDM + m,, CMB+BAO <0.75
ACDM + m,, CMB+LSSPS < 0.55
ACDM + m,, CMB+HO <0.45

Table fromMCG-G,Maltoni, Salvado 1006.3795

= > m, < 0.36 — 0.75 — 1.5 eV (95%)

Thomas et al, Reid etal, Giusarma et al
‘dePutter et al, Hannestad et al. ...

Also

Concha Gonzale7-GGarcia



‘Light Sterile Neutrinos |

e SeveralObservationsvhich can be Interpreted &3scillations withAm? ~ eV?

Reactor Anomaly Gallium Anomaly LSND, MiniBoone
' , Giunti, Laveder, 0711.4222 _ _
New reactor flux calculation é‘fﬁrﬁ?. G z!#/ggelﬁ%\(/)eo Jer, 0711.4 v, — ve ando, — e

= Deficitin data atL <100 m

Radioactive SourceS{Cr, 37Ar) B0 T
13 = % 1 . . . . < F i —goo/:ct
o B 5 df ] in callibration of Ga Solar Exp; ; I;g —ea
N3 P S ) %” ve + T1Ga— "1Ge + e~ LS =
s teplbl il dlpitatgs Give a rate lower than expected '
Joof "1IT SRE I i
E b
j ¢ ] R=—">" =0.86£0.05 (2.80)
th i
Bahc : DLSNDQO%CL
Explained ag. disappearance Explained as. disappearance [ [swossec
T T T T T TTTT 10'2 — S— e T
- 10° 10? 10"
rates + sin?20
10fE e
N%‘ :
= s only
90, 95, 99% CL (2 dot)_ -
0. Lol L 95% CL (2 dof)
601 01 1 01 1 [ N B B | 1 [ B B B |
.2 0.01 0.1 1
sin 20 2
e sin20

T.Schwetz, talk’2012 T.Schwetz, talk/2012
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‘Light Sterile Neutrinos |

e These explanations require 84 mass eigenstates /N, sterile neutrinos

v, — U, disappearancat SBL
e Problem is to fit together v, — v. appearancat SBL
v, — v, ho-disappearanca SBL (CDHS,ATM,MINOS)

e Generically:P(v. — v,) ~ |U%U ;| [+ =heavier state(s)]
But |U,;| constrained byP(v. — v, ) disappearance datay-— Severe tension
And |U,,;| constrained by’ (v, — v,,) disappearance data

3+1 3+2

10’ — — e
90%, 99%, 99.73% CL, 2 dof ] | —— MB¥v+ LSNDV
/{ ,"' || == Dis + KAR + NOM + MBv
/o
’ ,: L _
N ~ "~ £

107 1077 10-2 107! 107 107 1072 107!

sin? 20, 4 Uoal| Upal?
T.Schwetz, talk/2012 Giunti, Laveder, 1107.1452
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‘Light Sterile Neutrinos |

e These explanations require 84 mass eigenstates /N, sterile neutrinos

v, — U, disappearancat SBL
e Problem is to fit together v, — v. appearancat SBL
v, — v, ho-disappearanca SBL (CDHS,ATM,MINOS)

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

But |U,;| constrained byP(v. — v, ) disappearance data%i Severe tension
And |U,,;| constrained by’ (v, — v,,) disappearance data

10! A - ] f 95% C.L.
90%, 9%, 99.73% CL, 2 dof 1 | —— MB¥ + LSND¥
K ] | = Dis + KAR + NOM + MBv
K4 - ] y
Ul S 10 E
— === disappearance N
‘ =S, 2
[FF=mmemmeArenet 2
--------------- C\l_ 10 2
0] bbbt 1L CETY —_
R e 3
---------------- )
R LELTT LR TEr <
S ioﬁe .
T~ o 10
---—-—_':.’-f-"".’ B N, Ce

My view: These anomalies need Independent tests, but getkiEncom-
bined sterile oscillation interpretation may not be thet lvesy

T.Schwetz, talk/2012 Giunti, Laveder, 1107.1452
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‘Implications |

The two arising questions

¢ \WWhy are neutrinos so light?

The Origin of Neutrino Mass

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

The Flavour Puzzle

Talks by S. Antusch, K.S. Babu, P.F. Harrison

Neutrinos: Theory Concha Gonzalez-Garcia



‘Implications |

e Survey of 63v mass models in 2008.bright, M-C Chen,hep-ph/0608136)

Neutrinos: Theory

Number of Models

12
11
10

Predictions of All 63 Models

T T IIIIIII

T T T TTTTT

RAnnss  anarchy
E—— texture zero
SO3)

SO(10) lopsided
SO(10) symmetric/asym

T T TTTTT

ey

NRNNN

0.01

0.1

S. Antusch
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‘Implications |

e Survey of 63v mass models in 2008.bright, M-C Chen,hep-ph/0608136)

Predictions of All 63 Models

12 TTTT I T T T T TTTT | T T T T TTTT T T T 1T TT : T T TTTTT T
| |E5%¥%E  anarchy o i
10— | texture zero Z/A —
L SO@3) i
o = 1 Present 3 range
0] L R i
— oy y I
Only 7 I B
1 o B (A £ 7]
gotit right ! S 71 | 7 o0 ]
//’C"/
“— [ SO(10) lopsided 77 ]
O 6 . o _|
g | |EEEEER SO(10) symmetric/asym — |
Q [ 7 ]
E [ 7/ "B
3= : A o Y s _
2+ / /:::::/ A % E |
N7 R ][ v - P
L "u 777 o, _
0 | 1(/&1//54?}1“%!-’ .
1e-05 0.0001 0.001 0.01 0.1
.2
Sin 91 3
S. Antusch
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‘Implications |

Simplest proposals still alive

e Anarchy-Random
Hal,Murayama,Weiner (99)

= larget/;3 OK with observed); 3
de Gouvea, Murayama 1204.1249

g o7k
o’ F
0.6~
0.5F
0.4
F .-~~~ Double Chooz ]
0.3 o —
S RENO ]
02F . Dava B -
r S aya ba b
Y4 ya Bay ]
S MINOS ]
o 2 E T S R RS
0 0.01 0.02 0.03 0.04 0.05 0.06
sin’e,,

e Quark-Lepton Complementarity
Minakata, Smirnov (94),Raidal (04)

Based on observatioh, + 0~ = 45

sin 90
~ (.026
V2

Also other relations still to be tested

= sin (913 ~

Neriitrinos: Theorv
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‘Implications |

Simplest proposals still alive Simplest proposals that have not survived
e Anarchy-Random e Bimaximal mixingVissani (97)
Hal,Murayama,Weiner (99) Barger, Pakvasa,Weiler,Whisnant (98)
= larged;; OK with observed;; 012 = 45, O3 = 45, 013 =0
de Gouvea, Murayama 1204.1249 e Tri-bimaximal mixingVissani (97)

Harrison, Perkins, Scott (02)
(912 — 352, 923 — 45, 913 — 0

T | e Golden ratiobutta,Ling Ramond
=" Double Chdoz ] Kajirama,Raidal,Strumia; Everett,Stuart,Ding

0.7

P4(KS)

0.6

0.5F

0.4

03 - . . i

ot S . RENO E Ferugio Paris
Daya Bay g

0107 MINOS 7 912 — 317, 923 — 45, 9]_3 — O
OO T ‘O.‘Ol‘ - ‘0.‘02‘ - ‘O.‘03‘ - ‘0.‘04‘ - ‘O.(‘)S‘ - ‘0.06

e Quark-Lepton Complementarity
Minakata, Smirnov (94),Raidal (04)

Based on observatioh, + 6 = 45
o .06

V2

Also other relations still to be tested

= sin (913 ~
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‘Implications |

Simplest proposals still alive Simplest proposals that have not survived
e Anarchy-Random e Bimaximal mixingVissani (97)
Hal,Murayama,Weiner (99) Barger, Pakvasa,Weiler,Whisnant (98)
= largef;; OK with observed);; 012 = 45, O3 = 45, 013 =0
de Gouvea, Murayama 1204.1249 e Tri-bimaximal mixingVissani (97)

Harrison, Perkins, Scott (02)
(912 — 352, 923 — 45, 913 — O
e Golden ratiobutta,Ling Ramond

0.7|

P,4(KS)

0.6

05F

0.4

03k s Db'Ch Kajirama,Raidal,Strumia; Everett,Stuart,Ding
02k < Rgvo Ferugio Paris

0-1,'::"/MINOS 912:317, 923:45’ 91320
o T Predicted in flavour symmetry models

e Quark-Lepton Complementarity (f.e. with symm groupsiy, S4,45)
Minakata, Smirnov (94),Raidal (04) = Consider as LO pattern corrected
Based on observatioh, + 0 = 45 f.e. by charge lepton mixing (GUTS)
s Sin g ~ o O _ 0.026 = Predicted sum rules with quark and

Al her rel V2 1o b q lepton angles and phases
so other relations still to be teste Talk by S. Antusch
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‘Implications: Model | ndependent Approach I

e If SM is an effective low energy theory, far < A
— The same particle content as the SM and same pattern of Syynoneaking
— - i 1
But there can beo.n renormalizable - ESM+Z __0,
(dim> 4) operators — A
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‘Implications: Model | ndependent Approach I

e If SM is an effective low energy theory, far < A
— The same particle content as the SM and same pattern of Syynoneaking

— - . 1
But there can beo.n renormalizable = LSMJFZWOH
(dim> 4) operators e

e First NP eff.ect:> dim=5 operator O5 = 7%, (L—&(g) (éTLg)
There is only one!

Neiitrinos: Theorv Concha Gonzale7-GGarcia



‘Implications: Model | ndependent Approach I

e If SM is an effective low energy theory, far < A
— The same particle content as the SM and same pattern of Syynoneaking

— - . 1
But there can beo.n renormalizable = ESMJFZWOH
(dim> 4) operators e

e First NP eff.ect:> dim=5 operator U = 27 (L_acﬁ) (&TLg)
There is only one!
which after symmetry breaking aB U

i : MZ/ afl —
Induces av MajOrana mMass ( ) g 2 A
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‘Implications: Model | ndependent Approach I

e If SM is an effective low energy theory, far < A
— The same particle content as the SM and same pattern of Syynoneaking
— - i 1
But there can beo.n renormalizable - ESM+Z __0,
(dim> 4) operators — A

First NP effect=- dim=5 operator v (== 7
. _ P 05 = 27, (L@(p) (quLg)
There is only one!
which after symmetry breaking Y aB U
induces a» Majorana mass (Mo )op = 2 A

e Implications:
— Expected that mass is the first evidence of NP

— Explains whym, < other fermions masses \/ v

—If Z45 2 1074, my, > \/|[AmZ,, | ~0.05eV= A~ 10" —10'° GeV

a

— Os breaks lepton number and lepton flavours
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\The See-Saw M odels |

Minkowski; Ramond,Gell-Mann,Slansky, Yanagida; KonbtscgKummer; Cheng,Li; Lazarides,Shafi,Wetterich; Scheg¥alle;
Mohapatra,Senjanovich; Foot,Lew,He,Joshi

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

L H \H\/H/ L H

N A

fermion singlet | fermion triplet
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\The See-Saw M odels |

Minkowski; Ramond,Gell-Mann,Slansky, Yanagida; KonbtscgKummer; Cheng,Li; Lazarides,Shafi,Wetterich; Scheg¥alle;
Mohapatra,Senjanovich; Foot,Lew,He,Joshi

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

\H\/H/
|
|
scalar triplet + A
|
FANN

eFor fermionic see-saw
—Lxp = —iNIDN; + SM;;NEN; + N Lo dN; 7]
= 0 — (AVTX )as (L_a$> (&TLg) with A = M/

e For scalar see-saw
—LNp = anBL—aALC + Mi |A‘2 + ,uqu AT o ...

= 05 = L322 (T,0) (6715 ) with A = 212
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\The See-Saw M odels |

Minkowski; Ramond,Gell-Mann,Slansky, Yanagida; KonbtscgKummer; Cheng,Li; Lazarides,Shafi,Wetterich; Scheg¥alle;
Mohapatra,Senjanovich; Foot,Lew,He,Joshi

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

eFor fermionic see-saw
—Lnp = —iNJDN; + 5 MijNEN; + N Lo N;[.7]
o 05 = Q7 NMap (L_(;) (QBTLO) with A — 1/
5 — A 10’ I6; —

e For scalar see-saw
—LNp = anﬁL—aALg + Mi |A‘2 + ,uqu AT o ...

= 05 = 2262 (T20) (971 with A = 24

Very different physics, but sameparameters: How to proceed?
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\The See-Saw M odels |

Minkowski; Ramond,Gell-Mann,Slansky, Yanagida; KonbtscgKummer; Cheng,Li; Lazarides,Shafi,Wetterich; Scheclalle;
Mohapatra,Senjanovich; Foot,Lew,He,Joshi

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

fermion triplet

How to proceed?

— Top-down: Assume some specific model and work out the ogiati
Example: SO(10) GUT which relates quark and lepton massgsaxing s.F. Babu
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\The See-Saw M odels |

Minkowski; Ramond,Gell-Mann,Slansky, Yanagida; KonbtscgKummer; Cheng,Li; Lazarides,Shafi,Wetterich; Scheclalle;
Mohapatra,Senjanovich; Foot,Lew,He,Joshi

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

fermion triplet

How to proceed?

— Top-down: Assume some specific model and work out the ogiati
Example: SO(10) GUT which relates quark and lepton massgsaxing s.F. Babu

— Still Bottom-up: Hope for additional information frooharged LFV collider signals ..
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‘Implications: LFV & Collider Signaturesl

e v Oscillation=- Lepton Flavour is not conserved
Ifonly O5 = Br(t — uy) ~ 10~*! too small!

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

So may be L= Lsn + 252‘]6 (L—agE) (&TLg) + Z X%; Os,;
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‘Implications: LFV & Collider Signaturesl

e v Oscillation=- Lepton Flavour is not conserved
Ifonly O5 = Br(t — uy) ~ 10~*! too small!

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

So may be L= Lsn + 25;‘]6 (L—agE) (ggTLg) + Z X%; Os,;

e In general to havebservable LF\bne needs talecouple
New PhysicscaleA ;, » responsible for themallm, from
New PhysicscaleA, r (< A ) controlling of LFV

e Collider signature# mass of heavy states/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ App ~ TeV (< Ay ) motivation of lighty OK

Furthermore ifcg ; oc c5°°™¢ POV = | FV andcollider signaldirectly related tal/,
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‘Implications: LFV & Collider Signaturesl

e v Oscillation=- Lepton Flavour is not conserved
Ifonly O5 = Br(t — uy) ~ 10~*! too small!

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

So may be L= Lsn + 5\526 (L_QQB) (gETLg) + Z X%; Os,;

e In general to havebservable LF\bne needs talecouple
New PhysicscaleA ;, » responsible for themallm, from
New PhysicscaleA, r (< A ) controlling of LFV

e Collider signature# mass of heavy states/ ~ A,y ~ TeV and/orM ~ App ~ TeV
If M ~ App ~ TeV (< Ay ) motivation of lighty OK

Furthermore ifcg ; oc c5°°™¢ POV = | FV andcollider signaldirectly related tal/,

Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Pafto (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)
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‘Implications: MLFV & Collider Signatures |

Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jaget, Sil

e Minimal Flavour Violation HypOtheSIS\/’estrini,(Ol) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and bey8il

Very predictiveandsuccessfuto explainquarkflavour data
Forleptonsmoresubtlesince BSM fields are required to generatejoranal/,,
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‘Implications: MLFV & Collider Signatures |

Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jaget, Sil

e Minimal Flavour Violation HypOtheSIS\iestrini,(Ol) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and bey8il

Very predictiveandsuccessfuto explainquarkflavour data
Forleptonsmoresubtlesince BSM fields are required to generatejoranal/,,

e Scalar (Type-Il) see-saw is MLFV

BR

=  H*[F5 HE — [y,
predicted by neutrino parameters

T

T 3

o _pt Q0

C5,08 = faapgTis C6,08v0 = JAapS A 3=

LL @©

o If Ma < TeV 33
= Production of triplet scalars7~* H*, Ay, Hy % ®
c O

o pp — HTHH - o &
Striking Signatures e et e B
pp — HTTH~ : % @©

> &

¢z

< 3

O

Inverted |

0.001 NPT IR R R
1074 1073 1072

mg (eV)
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‘Implications: MLFV & Collider Signatures |

Ch|vukula Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil
e Minimal Flavour Violation HypOthESI vestrini,(01) d’Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of flavour violation in and bey8il

Very predictiveandsuccessfuto explainquarkflavour data
For leptonsmoresubtlesince BSM fields are required to generaiejoranal/,

e Simplest MLFV Fermionic (I or Ill) see-saw PP > lulgjjj avf=epu

Nor‘m‘ql‘ R Inverted

102y

— one massless & one CP phase .
— Yukawas\, y determined by parameters 1.

o If My S TeV | M=2006eV " M=200Gev
— Type-l unobservable but Type-lll observable10 :
pp — F(— € X)F'(— €5X") £

— Rates predictable in terms pofparameters 1 M=30

N&G o< [Aan|?[Asn]? N
— Difficult but beatablesM backgrounds i

o
=

"M=500 GeV ] M 5OO GeV
C | |

RN R NIRRT I RN S AREREN R Lo |
0 1 2 3 1O 1 2 3

(04 (04
Eboli, Gonzalez-Fraile, MCGG 1108.0661
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\ Conclusions |

e First ICHEP with the three leptonic mixing angles deterndi(egt + 30/6)

Am3; = 2.45 x 1073 eV?
|Am3s| = 2.43 x 1072 eV?

sin® 012 = 0.3 (4%) sin® faz = 0.42 (11%) sin® 013 = 0.023 (10%)

Am3, = 7.5 x 107° eV? (2.4%) (2.8%)
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\ Conclusions |

e First ICHEP with the three leptonic mixing angles deterrdi(et + 30/6)

Am3; = 2.45 x 1073 eV?

Am3, = 7.5 x 107° eV? (2.4%) Amls| — 2.43 x 103 6V (2.8%)
sin® 012 = 0.3 (4%) sin® faz = 0.42 (11%) sin® 013 = 0.023 (10%)
e Still ignoreor not significantly seen
Majorana or Dirac?
Absoluter mass
CP violation inleptons?  —. New experiments beyond approved
Normal or Inverted Ordering?  needed to answer these questions

0,3 Octant
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\ Conclusions |

e First ICHEP with the three leptonic mixing angles deterrdi(et + 30/6)

Am3; = 2.45 x 1073 eV?

Am3, = 7.5 x 107° eV? (2.4%) Amls| — 2.43 x 103 6V (2.8%)
sin® 012 = 0.3 (4%) sin® faz = 0.42 (11%) sin® 013 = 0.023 (10%)
e Still ignoreor not significantly seen
Majorana or Dirac?
Absoluter mass
CP violation inleptons?  —. New experiments beyond approved
Normal or Inverted Ordering?  needed to answer these questions

0,3 Octant

v masses are BSM physieffects to be put together withll other NP effects
from charged LFV Collider signals Cosmo-astropatrticle. to establish
the Next Standard Model
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‘ NEUTRINOS, THEORY I

Concha Gonzalez-Garcia

THANK YOU

Special thanks to:
My “v" Collaborators: M. Maltoni, J. Salvado, T. Schwetz, J.Jntea-Cadenas
My “Higgs” Collaborators: T. Corbett, J. Gonzalez-Frail@, Eboli
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\The New Minimal Standard M odel |

e Minimal Extensions to give Mass to the Neutrino:

+ Introducerr AND imposel conservation= Diracv # v°.
L=Lgy — M,vrvg + h.c.

x NOT imposeL conservation= Majoranav = zv°
L=Lsgpn — %Myﬁvg + h.c.

e The charged current interactions of leptons are not didgsaae as quarks)

—W+Z Do A L) 4 U UiA* LD?) + hec.

e To fully determlne the lepton flavour sector we want to know:
* How many,/V, massive’; and their masses:;
* Their mixing and CP propertie&ngles and phasesif gp)

* Their nature Dirac neutrino = If L is conserved
Majorana neutrino = If L is violated (and extra phases)
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3 eVZ)

Am?5,1 (10

‘3 v Analysis: Reactor Data and Amj, I

CHOOZ + PALO VERDE
+ DOUBLE CHOOZ + RSBL

DAYA BAY

ALL REACTOR

3o regions 2dof

Neutrinos: Theory

e Due to different baselines

the combination of reactors
provides independent determination
of the largest mass splitting

e Expected to improve with

Daya-Bay and Reno spectrum
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‘Lepton Mixing Unitarity I

e Previous results assunig gp to beunitary
o If v, mixed withm extra state$/r rp = (K 3x3, /) 3%m) Schechter, Valle (1980)
And U, oo Ul op = T3y butingeneral U/ .U, .p # I(34m) % (34+m)

o If m states are heavyl{ >> E,) oscillations measuré&;, 5.3 (not unitary)
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‘Lepton Mixing Unitarity I

e Previous results assunig gp to beunitary

o If v, mixed withm extra state$/r rp = (K 3x3, /) 3%m) Schechter, Valle (1980)
And ULEPUEEP = I3x3 but in general UEEPULEP Z# 1(34m)x(3+m)

o If m states are heavyl{ >> E,) oscillations measuré&;, 5.3 (not unitary)

S Flavour Changing Neutral Currents
e But thisunitarity violation=- gjayour Violation in Charged Lepton Processes
Universality Violation of Charge Current . ..

e Constraints on these processes limit leptonic unitaribyation to

0.994 £0.005 <7.0x107° <1.6x 1072
KK|=| <7.0x107% 0.995+0.005 < 1.0 x 102

<1.6x107% <1.0x107% 0.995 4 0.005
Antuschet alhep-ph/0607029

or equivalentlyk; ~ (I + ¢)U(0;;,d,n;) with |e.,;| < few x 10~ while K, ~ O(e)
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Without ATM
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With ATM

15

Flavour Parameters. Status without/with ATM
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3-flavor effects in atmospheric neutrinos

Peres, Smirnov, 99; | Normal hlerarchy . | ‘Ir‘n‘/er‘tgd h!e‘rgrc‘h‘y‘ -
Gonzalez-Garcia, Maltoni, Smirnoy, 04 T ‘\’ S ‘\’ ; o
{LTTT ST
T
; 1t ] g
'E E s

09F 1t ]

excess in electron-like events:

s i T,

)
1.2 1rc 5 (7;
N, . 2 i + ‘\’ it + + 1@
%;— — 12 (rs3;—1) Pou(Ami,, 6;3) ,4-effects 7-74 + + «\» ‘\’J. + + + + 2
C 1L 1o
-+ {T (ZJ )}'I‘ f.l”il';,l H|JJ' L z"EﬂECtS 1E|sin2(293) 009 IE?lAm e 1|0 ev IEL§:<

. - 09F sin°6,, €{0.35,0.50, 0.65} 1

_— 2513323623?" RG(AEEA;J.E) IﬂtE”ErE‘ﬁC . ¥ i3 j‘ S — B — ‘7 =
L EU)
E IR
1 @
1 1 1 13
(E,) F)(E,) ra~2 (sub-GeV) ‘ 1§
rsrio — 1C 17
T FAE) re26-45 (multi-GeV) ik 2

i~

T. Schwetz v v 16
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