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Neutrino Flavour Transition: Data and Interpretation
Some comments on Status of :

Leptonic CP violation

Determination of mass Ordering

Light Sterile neutrinos

Mass scale

Degeneracies with NC-NSI
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The SM 1s a gauge theory based on the symmetry group

Concha Gonzalez-Garcia

‘N eutrinos in the Standard Model |

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

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

With three generation of fermions Three and only three
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There 1S no vp

Y
Accidental global symmetry: B x L, x L,, x L, (hence L = L.+ L, + L;)

4

v strictly massless
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e By 2019 we have observed with high (or good) precision:

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

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

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

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

All this implies that L, are violated
and There 1s Physics Beyond SM
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e By 2019 we have observed with high (or good) precision:

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

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

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

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

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

e The starting path:

Precise determination of the low energy parametrization
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‘ The New Minimal Standard Model |

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

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

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.
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‘ The New Minimal Standard Model |

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

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

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

e The charged current interactions of leptons are not diagonal (same as quarks)
\%W:{ N (U BAP LV + Uy Uiy* LD?) + hec.

Vj Uj
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‘ The New Minimal Standard Model |

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

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

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

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

—W+Z Do iyt Lvd + U Uiy* LD?) + hec.

= Flavour Oscillations

A’I;' * * g
Pop = dap — 4§Re UaiUpiUo;Ug;sin” (f) +2 ;Im[UaiUﬁanjUBj]Sm (Ad)
J7F1 JF£1

_ (Bi—E))L (m7—m?) L/E
2 2 =127 eV: Km/GeV

No information on v mass scale nor Majorana versus Dirac
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‘Flavour Osc in Vaccum vs Transitions in Matter I

e In Vaccum Poo =1 — Poxg Disappear
when osc between 2-v dominates: P, _.; = sin*(26) sin? (1.27 A%QL ) Appear

= No information on Ordering of states ( i.e sign(Am?)) nor octact of ¢
= For L > F/ Am?, (oscillation averaged) = P, > %
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‘Flavour Osc in Vaccum vs Transitions in Matter I

e In Vaccum Poo =1 — Poxg Disappear
when osc between 2-v dominates: P, _.; = sin*(26) sin? (1.27 A%QL ) Appear

= No information on Ordering of states ( i.e sign(Am?)) nor octact of ¢
= For L > F/ Am?, (oscillation averaged) = P, > %

e If v cross matter regions (Sun, Earth...) it interacts coherently

— And Different flavours
have different interactions :

Ve, Vy,Vr only v,
e, N e

= Effective potential in v evolution : V, 75 Vir=AVY = —AVY = V2Gr N,

—z‘i(”e):[[—(v Vx — Alcos20  Am sm2¢9)]( )
o \ vx Alfg sin 260 Aﬂ% cos 26 VX
= Modification of mixing angle and oscillation wavelength (MSW)
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‘Flavour Osc in Vaccum vs Transitions in Matter I

e In Vaccum Poo =1 — Pozg Disappear

. . -2 - 2 AmZ2L
when osc between 2-v dominates: P, .5 = sin®(20) sin (1.27 = ) Appear

= No information on Ordering of states (i.e sign(Am?)) nor octact of ¢
= For L > E/Am?, (oscillation averaged) = P, > %

e If v cross matter regions (Sun, Earth...) it interacts coherently
= Effective potential in v evolution : V. # V,, , = AVY = —AVY = V2Gr N,
= Modification of mixing angle and oscillation wavelength (MSW)

= For solar /s in adiabatic regime
Pee = % [1 + cos(20,,) cos(20)]
~ sin? 6 < %

Am?2 = \/(Am2 cos 20 — 2EAV)2 + (Am? sin 29)2 Dependence on ¢ octant

e Mass difference and mixing in matter:

$in(20,) = Am? sin(26) = In LBL terrestrial experiments
mJ; Am?2 .
mat Dependence on sign of Am?

and 6 octant
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e By 2019 we have observed with high (or good) precision:

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

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

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

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
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‘ v Oscillations |

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

1 0 0 C13 0 8136i5cp C21 S12 0
Uiep = |0 c23 S23 0 1 0 —s12 c12 O
0 —s23 €23 —Slge_iécp 0 C13 0O 01
NORMAL INVERTED %
M3 8 2 ¢NE
(\I% m, <
=
. . q
e Two Possible Orderings .
~ 3
= m,
< ¢ m, m,
Experiment Dominant Dependence Important Dependence
Solar Experiments — 615 Am3, , 013
Reactor LBL (KamLAND) — Am%l 015, 013
Reactor MBL (Daya Bay, Reno, D-Chooz) — 03 Ams3,
Atmospheric Experiments — O3 Am3,, 013 ,0cp

Acc LBL v, Disapp (Minos,T2K,NOvA)  — Am3, 023
Acc LBL v, App (Minos, T2K,NOvVA) — 013 Ocp » 023



Massive Neutrinos circa 2019

Concha Gonzalez-Garcia

‘3 v Flavour Parameters: Present Status |

Global 6-parameter fit http://www.nu-fit.org
Esteban, Hernandez-Cabezudo,Maltoni, Schwetz, MCG-G ArXiv:1811.05487

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

NUFIT 4.1 (2019) |

15 _I T | T I\‘I | TT III TTT T1 | I_ _I T T | T I\\I | LI y T T I_ _l 1T T |‘\I\II | TTTT | TTT II,I II_
10 -1+ -1+ -
(\I>< B B B B B B
g L 1L 1L ]
5 - — — — — —]
i 1L 1L N ]
0 111 | 111 L1 1 | 111 | 1 1 1 | | I | || | | I | | 1 | | | | 1111 | 111 /I 1 | 1111
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026 0.4 0.45 0.5 0.55 0.6 0.65
.2 .2 .2
sin 612 sin 613 sin 623
15_I| II_ _II \\IIIlIIlIlIIHIIIIII|IIIIII I|I\\IIII|II\I\II|IIII,I
i 1L i ]
i 1L 55 }
10 — — i —
~ B 4 F :: .
> - 4 - n -
< L 4L i i
5 — i —
B 4L i i
B 1r : ]
O_Illllllll IIII|IIII_ _II|IIII|IIII|IIHII|IIII II|II_ I|IIIII
6.5 7 7.5 8 85 -26 -25 -24 24 25 26 O 90 180 270 360
2 -5 2 2 -3 2. 2
Am;, [107 eV7] Amz, [107eV] Amy, Ocp



Massive Neutrinos circa 2019 Concha Gonzalez-Garcia

‘3 v Flavour Parameters: Present Status |

Global 6-parameter fit http://www.nu-fit.org
Esteban, Hernandez-Cabezudo,Maltoni, Schwetz, MCG-G ArXiv:1811.05487

) NUFIT 4.1 (2019 .
-) , . 20) Best determined:
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‘3 v Flavour Parameters: Present Status |

Global 6-parameter fit http://www.nu-fit.org
Esteban, Hernandez-Cabezudo,Maltoni, Schwetz, MCG-G ArXiv:1811.05487
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NUFIT 4.1 (2019) |

=
~]

1T T

|‘III|IIII|IIII,III
\\ |

0.25

0.3
.2
sin 612

0.35

0.4 0.018

0.02 0.022 0.024
in26
sin" 6,

045 05 055 0.6

sin® 6/

Il‘lllllllllllullIIIIIIIIII

6.5

7 7.5 8
2 -5 2
Am,, [107 eV7]

85 -26 -25 -24

24 25 26
2 -3 2 2
Am,, [10" eV'] Amy,

270

e Best determined:

2 2
9129 913’Am21’ ’Amgl’
[Am%l = Am%l > 0 (NO)
AmZ, = Am3, < 0 (10)]

e Pending issues:
* Mass Ordering
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‘3 v Flavour Parameters: Present Status |

Global 6-parameter fit http://www.nu-fit.org
Esteban, Hernandez-Cabezudo,Maltoni, Schwetz, MCG-G ArXiv:1811.05487

) NUFIT 4.1 (2019 .
-) . 20) Best determined:
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‘3 v Flavour Parameters: Present Status |

Global 6-parameter fit http://www.nu-fit.org
Esteban, Hernandez-Cabezudo,Maltoni, Schwetz, MCG-G ArXiv:1811.05487
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NUFIT 4.1 (2019) |

e Best determined:
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‘Flavour Parameters: Mixing Matrix I

e Finally we have the three leptonic mixing angles determined (at 4= 30/6)

0.797 — 0.842 0.518 — 0.585 0.143 — 0.156
|Ul|se = | 0.233 — 0.495 0.448 — 0.679 0.639 — 0.783
0.287 — 0.532 0.486 — 0.706 0.604 — 0.754
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‘Flavour Parameters: Mixing Matrix I

e Finally we have the three leptonic mixing angles determined (at 4= 35/6)

0.797 — 0.842 0.518 — 0.585 0.143 — 0.156
U |35 = (()233 — 0.495 0.448 — 0.679 0.639 — 0.783)
0.287 — 0.532 0.486 — 0.706 0.604 — 0.754

e Good progress but still precision very far from:

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

e Finally we have the three leptonic mixing angles determined (at 4= 35/6)

0.797 — 0.842 0.518 — 0.585 0.143 — 0.156
U |35 = (O.233 — 0.495 0.448 — 0.679 0.639 — 0.783)
0.287 — 0.532 0.486 — 0.706 0.604 — 0.754

e Good progress but still precision very far from:

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

e Also very different flavour mixing of leptons vs quarks



Massive Neutrinos circa 2019

‘3 v Analysis: 653 I

e Best determined in v, and v, disapperance in LBL

B = ~ 1 — sin? 20,,,, sin

afi

* Irrelevant matter effects

x [/ spectrum of events:
— Location of osc minimum:

= Determination of |Am3,| ~ |Am3, |

— Depth at osc minimum:
= Determination of -3 up to octant

Pupu(023) ~ P (5 — ba3)

(Atosc min P, (623 >~ 7 ) ~ 0)

2 Am?
4F,

~ 1 — 25 sin” 20,3 sin

1.49¢21 POT

Number of events per bin
8 & ¥ B %

T

Unoscillated Prediction
Oscillated with Reactor Constraint
g:clll lated without Reactor Constraint

T2K Run 1-9c Preliminary

Vi
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——
.gH’

Events /0.1 GeV
N A 0 0 8

Events /0.1 GeV/

) {
’ Reconstuctéd Neting énefgy (GeV)

ey VIV WMGG

Concha Gonzalez-Garcia

2 Am31

+ O(s13, Am3,)

iy 112621 POT

———— Unoscillated Prediction

= Oscillated with Reactor Constraint

—_— Ouzlhwwnwmmm(:o straint
.

-] -]
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Neutrino beam
T
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‘3 v Analysis: 093 I

e In 3v scenario the relevant survival probability

2Am

MM ~ — 2 : 2 1
i 1 — c73sin” 2053 sin

2 A7”31

P, = Pz ~1—sin*20,, sin + O(s%3, Am3,)

LBL | LBL + Rea L NUFIT 4.1 (2019) | .
AARRAR B8 T * Left panel use prior 63 from reactors

15

(procedure in LBL experment analysis)
* Right panel:

full combination with X?eact (013, Am%ﬂ

7/

T ¥ T 1

ANC L LN — Non-maximality
sine,, driven by NOvA © and MINOS
— 72K = More significant when full comb with React
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3 v Analysis: Am?, in LBL vs Reactors

e At LBL determined in v, and v, disapperance spectrum

m2
P, ~ 1 — (ci3s8in® 2023 + s35sin” 20;3) sin? (A 4‘,‘E“L> + O[(Am3;)?]

2 2
2 2 cioAm5; NO
Amy,, ~ Amg, —I—S%QA > 10 + ..

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in 7, disapp spectrum
P.. ~ 1 — sin® 20,3 sin? (AZL—%L) + O[(Am3;)?]

8%2 Am%l NO
c%zAmgl 10

Am?2, ~ Am3,+ Nunokawa,Parke,Zukanovich (2005)

| NUFIT 4.1 (2019) |
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3 v Analysis: 653 Octant, Ordering, ocp in LBL

e Dominant information from v, apperance in LBL
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Data antineutrino candidates 27
Best fit total prediction 27
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REAC+LBL-COMB:
+ In both orderings best fit sin” A3 ~ 0.58
% 0g3 = T atAx? ~ 2(4) of b.f. in NO(IO)
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

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

P, vy — Py, p, < J with J= Im(UalU;QU[ggUEl) = JLEp.cp Sindcp

max

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



Massive Neutrinos circa 2019 Concha Gonzalez-Garcia

Leptonic CPV in 3v Mixing: Jarlskog Invariant

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

Pyosvy — Pogspy o< J with  J =Im(UnU;,Up2Ugz ) = Jigp cp sindcp

max

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

e Maximum Allowed Leptonic CPV:

NO, 10 NuFIT 4.1
T I T

TS op = (3.20 £0.07) x 1072

15 — ]
- - to compare with
_ 10 - Jokwmcp = (3.04£0.21) x 1075
= L ]
5 — = Leptonic CPV may be largest CPV
: - in New Minimal SM
805 6032  oos4 0030 o
i if sin dcp not too small

CcP 12 712 723 723 713 713
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Leptonic CPV in 3v Mixing: Jarlskog Invariant

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

Pyosvs — Poo o, < J with  J =Im(Ua1U;,Up2Uj ) = Jigp cp Sindcp

158% op = gC13 sin? 2013 8in” 2053 sin® 201

e Present determination of J:

NuFIT 4.1

15 _l r‘ | | | | | | | | | | | | | |—
ol 7
YO )
< | _
s h

O i | LL | | | | | | | | | | |
-0.04 0.02 0.04

max

‘JCP JCP SinSgp
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3v Mixing: Leptonic Unitarity Triangles

e [/ unitary = any pair of rows or columns verify

Y UwUi =0 witha#3  or Y UaiUl; =0 withi#j
1=1,2,3 =€, L, T
= Each condition represent a triangle in complex plane
— All 6 triangles are equivalent
— CPV = triangles are not “flat”

e Convenient define a complex variable 2 = ———£ or z = ———%
Uar U}, Ui U,
= two triangle vertices at (0,0) and (1, 0) in complex z plane.

NO NUFIT 4.1 The equivalent triangle in quark sector
S e o] TR T T
O - | T T LI | L | L | ] E v %tn E
ol u, Ul 1.0 — X Amy & Am, |
» zz—%ﬁ 0 - - sim2p E
: H1 T3 : 0.5 — == L % Amd -
ok ] = eof g { e -
0.5 | ~ .1.0:_ Y f::r;?’szzes:&_f
Covooa b b by 1 o sl vy AN Y
_1 _05 0 05 1 -1.0 -0.5 0.0 065 1.0 1.5 2.0

Re(z) oo
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‘Near Future for CP and Ordering: Strategies I

e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
2
P~ 333 sin? 2645 (AA?’iv> sin? (%)

F8J A <Bu sin (%) sin (S5£YL) cos (842 + dop)

_ 2
Jop™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, £, reconstruction
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‘Near Future for CP and Ordering: Strategies I

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

2
As iV) sin® (S2575)

F8J A <Bu sin (%) sin (S5£YL) cos (842 + dop)

Jop™ = c%,513C23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, £, reconstruction

e Earth matter effects in large statistics ATM v, disapp : HK,INO, PINGU,ORCA ...
— Challenge: ATM flux contains both v, and v, ATM flux uncertainties
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‘Near Future for CP and Ordering: Strategies I

e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)
2
P~ 333 sin? 2645 (AA?’iv> sin? (%)

F8J A <Bu sin (%) sin (S5£YL) cos (842 + dop)

_ .2
Jop™ = €13813€23523C12812

— Challenge: Parameter degeneracies, Normalization uncertainty, £, reconstruction

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

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

. . A?TLZ L . . AmQ L ) AmQ L
P,, v. = 1—ci3sin® 2015 sin” ( 42} )—sm2 2013 [C%2 sin” ( 42,1 ) + 512 sin’ ( 4;2 )]

— Challenge: Energy resolution
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL

e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments



Massive Neutrinos circa 2019 Concha Gonzalez-Garcia

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

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM

e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL

e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments

e Only three light states?
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e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

LSND, MiniBoone Reactor Anomaly Gallium Anomaly
— Huber, 1106.0687 Acero, Giunti, Laveder, 0711.4222
Vi — Ve and Uy, — Ve Mention etal ,1101.2755 Giunti, Laveder, 1006.3244
IO e New reactor flux calculation Radioactive Sources (°1Cr, 37 Ar)
b i = Deficit in data at L < 100 m in calibration of Ga Solar Exp;
90% CL
[ 99% cL 13, - — Ve + "1Ga— "1Ge + e~
10 = F s
g o KARMEN2 : o g er ] .
- o 90% CL ST S BV 1 B SR Give a rate lower than expected
__OPERA BL23 ° A AR LT S
90% CL 2k ~— T ] E ﬁ
5 bl leRT TN italag CE 2 3 s =
B [ S (| J‘I 1] = 1-2;— = = ; §
e B 0sf Tt R 7}4 o & ERI - B E
0.8; :i E I é — — é 0.9 & | :é
I T3
107" .
[ LsND 90% CL Explained as ve disappearance . .
Explained as v, disappearance
[ JLSND 99% CL 10 . . T
Reactor Oldfree = Old fixed ~A—
10—2 \\HH‘ | | \\HH‘ | L 1 11111 L 111111l 95%(2d0f) == {!
5 B ~ P —
10 10°? 107 sin22916u NEOS: = : 10'¢
Daya Bay :
From LSND mid 90’s ¥ - DANSS | % A
. 5o s 5 ol
to MiniBoone 1805.12028 E g 10
All free . E
All fixed DayaBay Gy,
107'F
‘95% CL ‘ ‘
0 - 102 10-2 10!
1073 1072 107! |Ues|?
|Ue4|2

Dentler etal, 1803.10661
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‘ Light Sterile Neutrinos I

T T T TsoL T TsoL
e These explanations require O(eV) mass v SR I e ELC

1 1 SBL SBL SBL |

SA(—I;II\A ] 1 Tso. LM

(a) (b) (© (d) (A) (B)

(3:—1) (2+2)
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‘ Light Sterile Neutrinos I

e These explanations require O(eV) mass v, I R =S T S|

40 UL I L ] T IQI L I T T l- (a) (b) (C) (d) (A) (B)
3 ) . N
lobal § 2 ] (3+1) (2+2)
30 P\\Jgloba K e

Ruled out by solar and atm data (2 50)
3— Maltoni etal NPB 02

10

(=)
QIII|IIII||III
f
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‘ Light Sterile Neutrinos I

e These explanations require O(eV) mass v, I R =S T S|

40 UL I L l T IQI L I T T I_ (a) (b) (C) (d) (A) (B)
g ) v —_—
lobal § 2 ] (3+1) (2+2)
30 P\glopa R/ Koo

Ruled out by solar and atm data (2 50)
% 3— Maltoni etal NPB 02

o 2+2:

10

QIII|IIII||III
f

|Ue;| constrained by P.. disapp data

e 3+1: Generically appearance ., ~ \usU m;’ \Um\ constrained by P, disapp data

b S
99.73% CL
2 dof
L Dentler etal, 1803.10661
5]
k= Appearance
< ('~ w/oDiF)
i)isappearance
—— Free Fluxes
10_1 |- Fixed Fluxes
107* 1073 1072 107!

2
sin” 26,
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Searches for eV sterile neutrinos

P

: W »iSage, Baksan_

P OscSNS g ¢ ‘* - 3 Neutrin Q -
» b, = s Tt
g . ﬁfﬁ.f*i%"*@'aﬂ

. NuStorm ' s, W
Minos+ el g Nz ) C AR
SBN W% 2 (LL o ' ‘ = x

elgaon

-

NuStorm ble SOX@ LNQE:

.Y

Deadaleus : 'z’
\ .

Y,

Neutrino Beam

This talk: (anti-) v, disapearance only
2
P = 1—sin229“sin2% & sin220°c=‘Ue4‘2(1-‘Ue4‘2)

S. Schénert | TUM | Sterile neutrinos
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NEOS (Bounds)

T T T T T T T T T T T

A, . Neutrino4 Results (Signal?)
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
e Oscillations DO NOT determine the lightest mass
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‘Neutrino Mass Scale: 5 Decay I

Single 8 decay : Dirac or Majorana v mass modify spectrum endpoint

K(T)

2 _ 27T 12 2 2.2, 2 2 2, 2 2
my,, = E m?|Uej|? = cizciami + ci351am5 + s13ms3

Purely kinematics = Only model independent probe v-mass scale

18573.9

KATRIN NEW: m,, < 1.1eV (at90 % CL)

18573.8 —

arXiv:1909.96048

—~
>
D

N

o

IIIIII

18573.7

18573.6 —

Future Katrin Sensitivity to m,_ ~ 0.2eV

|III

18573.5 =
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‘Majorana or Dirac: Ov35 Decay I

At present only bounds from
136X e (EXO and KamLAND-ZEN)

E "6Ge (Gerda) and '3°Te (Cuore-0)

[ §Ca YZr Ndj
r Se

Ov (3 = L violation < Majorana v

7 I i o
W [ 4

—p————— e 1;‘ 2 GeMo
\\r L - X

€
€
le

P g 107'F KamLAND-Zen (**Xe)
£ _
If m,, only source of AL 107k
L NH L
Ov Me 1077 3
p— IR R T S W R i B IR B IR R RTTI i A I
1/2 Goy Mr?ucl mge 10* 1070 102 10" 50 100 150
mlightest (CV) A
ee ej''y KamLAND-Zen Coll. ArXiv:1605.02889
— .2 .2 ) 2 .2 ) 2 —190
= |cizciamy € + 3353 ,my €12 4 sgmg eH00P Mee < 0.061 — 0.165 (90% CL)

= f(my,order, maj phases)



Massive Neutrinos circa 2019

Concha Gonzalez-Garcia

‘Light massive v in Cosmology I

Relic v/'s: Effects in several cosmological observations at several epochs

Mainly via two effects: p,

7

= |1+ =X | —
+8 11

4
4 3

025 E-
Y,
Pox E

i

Y. 21 B
//nmﬁ%%%/// /////% :

/ %CM

—
,,,,, A
Primordial Cosmic Microwave Large Scale
Nucleosynthesis Background Structure Formation
BBN CMB LSS
T ~ MeV T <eV
Number of /s (Neg) Neg and > m,,

Negr | p and Zmyi

BUT: Observables also depend on all other cosmo parameters (and assumptions)
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Single 5 decay : Pure kinematics, Dirac or Majorana v’s, only model independent

2 m2|U _’2 _ NO : mj + Am3,ci3s1y + Am3,si,
— E U, —
e J J 10 : m? + Am3,ci;s35 — Am3 ciy

K (T)

Present bound: m,_ < 1.1 eV (90% CL KATRIN 2019)
'Katrin (20XX) Sensitivity to m,_ ~ 0.2eV

v-less Double-3 decay: < Majorana v/’'s
Oovr __ me

If m,, only source of AL T} o = .
n % Gov Mnucl mZ,
¢ Mee = \ZUgjmj\
n 4’—@' o = ‘C%SC%le 6’5771 T C%SS%QmQ einQ + 8%3m3 B_i(scp
= f(my, order, maj phases)

Present Bounds: m.. < 0.06—0.76 eV

. . . 2 2 2 2 2
COSMO for Dirac or Majorana § m;= NO: v/mi + v/ Am3, +mi + /Amg, +m;
m,, affect growth of structures 10 /m2 + /—AmZ, — AmZ, —m2 + /—AmZ, —m?



M| Neutrino Mass Scale: The Cosmo-Lab Connection I

Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))
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Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))

NUFIT 4.1 (2019)
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M| Neutrino Mass Scale: The Cosmo-Lab Connection I

Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))

NUFIT 4.1 (2019)

NO
IO

(eV)
|

v
e

m

T (eV)

Width due to range in oscillation parameters very narrow

Lower bound on ) _ m,; depends on ordering

Wide band due to unknown Majorana phases =
Possible Det of Maj phases?

¥ (eV)




M| Neutrino Mass Scale: The Cosmo-Lab Connection I

Global oscillation analysis= Correlations m,,_, m.. and > _ m,( Fogli et al (04))

NUFIT 4.1 (2019)

Lower bound on ) _ m,; depends on ordering

llll' I 1 L

NO - - - - 5 5
] 10 1 Precision determination/bound of > m,; can give infor-

mation on ordering ?
Hannestad, Schwetz 1606.04691, Simpson etal 1703.03425, Capozzi

etal 1703.04471 ...
10287 5T T Cosmo data will only add to N/I likelihood
Z (eV) when accuracy on X>.m,, better than 0.02 eV
(to see a 20 N/I difference between 0.06 and 0.1)
Hannestad, Schwetz 1606.04691

T lIllIll'
1 llllllll

LI

I lIIIHI]

0.1 1
¥ (eV)
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Other mputs for mass ordering?

v-oscillations: Am?; cosmology: 2m; OvRP: mygp
Case A U
strong !
(m1,my, mj) or esk e s i3 ¥
5 inconclusive 3
Case B Al
]
(mo, Am?1, AmZ231) S 5 3 [
E 2..1 ..... E SUNNE S e — k NS I [} S R I ..... I
e m;: linear / log prior
] —— S ——
, | OSC+380v
* Am?;: always linear 0 0sc] L—J
; | OSC+CMBI|[ALL |
_1 ! . ! [ — T I
= case A: choice of priors ‘3 gz eeece
is very relevant isssg8g5358888585852
< = = = < = = =
§ £ === £ &§ ==&
o) ~ Icn I»> ~ ch I»>
= preference for NO - c £ 3

driven by oscillation data

= cosmology can not contribute Gariazzo et al, JCAPO3 (2018) 11

to determine MO yet Using global it-2017, wo SK I-IV, old LBL

Slide from M. Tortola Talk at #2018
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
e Oscillations DO NOT determine the lightest mass
Only model independent probe of m, 5 decay: NEW!!S" m?|U.:|* < (1.1 eV)?
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay
e Cosmological effects?: Still missing a “signal” and will we ever be convinced it is v/ s?
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‘ Confirmed Low Energy Picture and MY List of Q&A I

e At least two neutrinos are massive = There 1s NP

e Three mixing angles are non-zero (and relatively large) = very different from CKM
e [eptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
e Oscillations DO NOT determine the lightest mass
Only model independent probe of m, 5 decay: NEW!!S" m?|U.:|* < (1.1 eV)?
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay
e Cosmological effects?: Still missing a “signal” and will we ever be convinced it is v/ s?
e Other NP at play?



For 613 ~ 8.5° agreement on 615, OK between Solar and KamLLAND is perfect.

But residual tension on Am?,

Tension related to:
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Modified matter potential?
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e Including non-standard neutrino NC interactions with fermion f

Lust = —2V2Grel L (0" Lug) (f,Pf),  P=L,R

e In flavour basis 7 = (v, v, 1)’ the neutrino evolution eq.:

d _
zd—y = H"U with H" = Hyae + Hpat and HY = (Hyae — Hipat)™
X
1 0 O Eee ECeu Eer
Hiat = V2GpNe(r) | 0 0 0 | +V2GeNe(r)| el cup cur
0O 0 O : )

Cer Eupr Er7

N
Eap(r) = Z Nf E:; (J; ‘B/ = 3v evolution depends on 6 (vac) + 8 per f (mat)
f=ued ©




Massive Neutrinos circa 2| NOn Standard 1% InteraCtiOnS I Concha Gonzalez-Garcia

e Including non-standard neutrino NC interactions with fermion f

Lust = —2V2Grel L (0" Lug) (f,Pf),  P=L,R

e In flavour basis 7 = (v, v, 1)’ the neutrino evolution eq.:

d _
zd—y = H"U with H" = Hyae + Hpat and HY = (Hyae — Hipat)™
X
1 0 O Eee ECeu Eer
Hiat = V2GpNe(r) | 0 0 0 | +V2GeNe(r)| el cup cur
0O 0 O : )

Cer Eupr Er7

N
Eap(r) = Z Nf Eri (J; ‘B/ = 3v evolution depends on 6 (vac) + 8 per f (mat)
f=ued ©

= Parameters degeneracies (some well-known but being rediscovered lately .. .)
In particular CPT = invariance under simultaneously:

012 <> 5 — b2, (Cee — €pp) = —(€ee — €pp) — 2,
Amz; — —Am3,, (&rr —€up) = —(Err — Epp)

5—)7’(’—5, 5045_>_5a5 (Q#B)a



90% CL

best-fit LI\I’IA LMA-D

+0.298 | [+0.00, +0.51] @ [—1.19, —0.81]
+0.001 | [—0.01,40.03] [—0.03, +0.03]
—0.021 | [—0.09, 4+0.04] —0.09, +0.10]
+0.021 | [—0.14, +0.14] [—0.15, +0.14]
—0.001 | [—0.01,40.01] [—0.01, +0.01]

— Except ¢!

e

—Bounds O(1 — 10%)
V. _ a4,V

o




: Bounds/Degeneracies from/in Oscillation data

cia

, M.Malton1 JHEP
90% CL
‘ ¥ Osc+NSl
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g2 — g | +0.298 | [+0. 00,4051 | & [=1.19,—0.81] o E
e¥, —ek, | +0.001 | [~ [—0.03, +0.03] 5 £ E
81;” —0.021 [ —UToss 0 OEHH\H\ Ll \\\\=\E
5161% 10.021 _0_15’_'_0_14 ~ B RN I N AR
[ [ ] %< 15 = — ‘ LMA =
e —0.001 | [— —0.01,+0.01] - -
- 0 - i
\ 5 ; . é
_Boundso 1_1005 A P T i b L0
‘(/ - LMA: Improved fit (e -t 7050 0s
—EXCCpt gq’ gq’ Cee ™€
il to Solar+KamLAND
%_I LI LI L I LI L I LI i
E . SNO. . ] 8 — -
0.6 } Borexino (7Be) e = e ? i (\l;| E E
1 Lom 75 __ __
] S - .
B wnm 7L =
; ] S C ]
AR Sk s :
2 | i 6.5 - -
0.2 [ --— 031 7.40 ; -014 004 o K LMA I—MA'D ]
0.2 ‘053‘014“0.16‘“11 ‘1%4”2“ é ‘é lb 14 Clo v by bvvv s bvv e bovv s by vy 17
E 0.2 0.3 0.4 0.5 0.6 0.7 0.8

.2
sin 912



Ma NSI: Bounds/Degeneraaes from/in Oscillation data

90% CL
Param. best-fit LMA LMA-D
Eoe — Epp | T0.298 | [+0. OO +0.51] @ [—1.19, —0.81]
gt — e, | +0.001 | [~0.01,+0.03] g
Eop —0.021 | [—0.09, +0.04] +
gl +0.021 | [~0.14, 40.14] 4
o —0.001 | [-0.01,+0.01] 40.01,40.01]

—Bounds O(1 — 10%)

— Except €7,

vV  q,V
€

Degenerate solution LMA-D (012
Miranda, Tortola, Valle, hep-ph/0406280

Cannot be resolved with osc-expe

> 45°)

iments

Requires NC scattering experiments
Coloma etal 1701.04828
Requires NSI ~ G'r (light mediators?)

Farzan 1505.06906, and Shoemaker 1512.09147

[10° eV?]

2
21

Am

x> Osc+NS|

8-5 :I LI LI | LI | I LI | LI I LI :
8 F \ -
75 =
7E .
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- LMA LMA-D :
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Massive Neutrinol N SI: Combination With C OHERENT 'IGonzalez—Garcia

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v /N scattering 1708.01294:
142(14 0.28(sys)) observed events over a steady bck of 405

136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nxsi(e) =7 | fo. Qae(€) + (fo, + f5,)Q%,.(¢)]

2 u u
Q%o o [Z(gY +28Y +ebY) + N(gy + ey + 2280 )]” + 505, |22ty +257) + Nty + 2553

2

e OSCILLATION + COHERENT = LMA-D excluded at more than 3.1 o

All NSI’s constrained

f=u f=d
elV | [0.028,0.60] [0.030, 0.55]
el | [-0.088,0.37] | [-0.075,0.33]
elV | [-0.090,0.38] | [-0.075,0.33]
elY | [-0.073,0.044] | [-0.07,0.04]
eVl [-0.15,0.13] [—0.13,0.12]
eV | [-0.01,0.009] | [—0.009,0.008]
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Massive Neutrin Gonzalez-Garcia

‘NSI: Combination with COHERENT I

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v /N scattering 1708.01294:
142(14 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nnsi(e) =7 | fo. Qi (€) + (fu, + [5.)Q%,.(€)]
Q2 o [2(g) + 265 + <)+ NG + e + 28] 4+ S [20265Y +e8) + Nt + 264

e OSCILLATION + COHERENT:
Update with more general NSI’s: Eap O (2cosn —sinn)el g 8i5 o (2sin7n — cosn)e,

T ‘ T T ‘ T T ‘ T T ‘ T T
— solar + kamland | 1
— +atm + Ibl + rea

+ coherent 5 LMA-D Stlll allowed at 3o fOI’
* —40° < 5 < 15°

4

30 60 90 90 60 -30 0 30 60 90
M n

Esteban etal, ArXiv:1805.04530
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‘MAXIMUM EFFECT IN PRESENT LBL I
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Esteban,Maltoni, MCG-G ArXiv:1905.05203

— “Hints” of CPV in T2K and in combination with NOVA robust
— Preference for NO lost



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

e At least two neutrinos are massive = There 1s NP
e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
e Oscillations DO NOT determine the lightest mass
Only model independent probe of m,, 5 decay: NEW!!S" m?|U.:|* < (1.1 eV)?
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay
e Cosmological effects?: Still missing a “signal” and will we ever be convinced it is v/ s?
e Other NP at play? Large NSI still allowed in v OSC. Challenging model building
Dilution of present ordering preference
e What about a UV complete model which answers?:
* Why are neutrinos so light? = The Origin of Neutrino Mass
*x Why are lepton mixing so different from quark’s? = The Flavour Puzzle
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‘Bottom-up: Light v from Generic New Physics I

If SM is an effective low energy theory, for £/ < Anp
— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lo +Z —— 0,
(dim> 4) operators " ANP
First NP effect = dim=5 operator i (——\ (T +C
' Ls= (LL,z'Cb) (¢ Ly j)
There is only one! Anp ’
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‘Bottom-up: Light v from Generic New Physics I

If SM is an effective low energy theory, for £/ < Anp

— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lo +Z —_0,
(dim> 4) operators " ANP
First NP effect = dim=5 operator i (——\ (T +C
. L5 = (LL,iqb) (Cb Ly j)
There is only one! Anp ’
which after symmetry breaking Y v v
induces a ¥ Majorana mass (M )ij = Zi; Anp

Implications:

— It 1s natural that ~ mass is the first evidence of NP

— Naturally m, < other fermions masses ~ Moif Anp >> 0
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‘Bottom-up: Light v from Generic New Physics I

If SM is an effective low energy theory, for £/ < Anp

— The same particle content as the SM and same pattern of symmetry breaking

_ _ i 1
But there can be non-renormalizable L= Lo +Z —_0,
(dim> 4) operators " ANP
First NP effect = dim=5 operator i (——\ (T +C
. L5 = (LL,iqb) (Cb Ly j)
There is only one! Anp ’
which after symmetry breaking Y v v
induces a ¥ Majorana mass (M )ij = Zi; Anp

Implications:

— It 1s natural that ~ mass is the first evidence of NP

— Naturally m, < other fermions masses ~ Moif Anp >> 0

~ 0.05 eV for Z¥ ~1 = Anp ~ 10°GeV = Anp ~ GUT scale
= Leptogenesis possible
[ Butif Z¥ ~ (Y.)? = Anp ~ TeV scale |

—my > A{'Tl’g,tm
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‘Model Degeneracy at Low Energy I

Os5 is generated for example by tree-level exchange of singlet (/V; = (1, 1)) (Type-I) or
triplet fermions (/V; = X; = (1, 3)o) (Type-IIl) or a scalar triplet A = (1, 3); (Type-II)
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‘Model Degeneracy at Low Energy I

Os5 is generated for example by tree-level exchange of singlet (/V; = (1, 1)) (Type-I) or
triplet fermions (/V; = X; = (1, 3)o) (Type-IIl) or a scalar triplet A = (1, 3); (Type-II)

e For fermionic see-saw  —Lnp = —iNJPN; + 5 My NENj + N2 L Lo @N;[.7]

vl
= Oy = (A A;\ Jap ( aqb) (quLg) with Anp = My
e For scalar see-saw  —Lnp = anBEALg + MZ A2 + kol AT ...
~ M2
= Oy = an’B ( aqb) (quLg) with Anp = A
K

Very different physics, but same v parameters: How to proceed?
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‘Model Degeneracy at Low Energy I

Same s can be generated by very different High Energy physics

Very different physics, but same v parameters: How to proceed?

— Top-down: Assume some specific model and work out the relations
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‘Modeling Lepton Flavour: 2006 to 2019 I

e Survey of 63 v mass models in 2006 (Albright, M-C Chen,hep-ph/0608136)

Models with Normal Hierarchy Models with Inverted Hierarchy

Present 30 range

12_||||| T T T TTTT] /\“IIIIII' T T T TTTTT T T T T TTIIT T T T TT1T1T
11 —
PEEES  anarchy % ] 4.5 _W aM
I |[=== texture zero —_ - |== lexturezero
0 SO@3) 4= SO(3)
ol A /// i || A,
2 o i %) s S S
S gL |77 S8, — - B0 | Lot
o) i L -L -L i "8 B Tt
e} B T /7«7 _ 3 #EE SRND
= :/4///4 = L SO(10) lopsided
SO(10) lopsided 7 7 S .
Xl o] 802103 s;mzmc/asym ’&//‘ - 025 |=EEEE SO(10) symmetric/asym
— . -
D | o _ Q
£° U i == 1 £
o 4 L — ] -
- 4 ;///;// =} s
“ L 7 ] ZL
I : _ 1
2 e s . L
1 ﬁ I : — 0.5
0 | 0 i "-"-'-F--:.- :“:l l.‘l.l.l
0.0001 0.001 0.01 0.1 1e-05 0.0001 0.001 0.01 0.1
.2 . 2e
sin 6, Sin 9,

— Determination of 643 has given us important handle in flavour modeling
— Next frontier 1s the ordering
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‘Model Degeneracy at Low Energy I

Same s can be generated by very different High Energy physics

Very different physics, but same v parameters: How to proceed?

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

— Hope/Wait for additional information from charged LFV, collider signals ...
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Connection to LFV & Collider Signatures?

e v oscillation = Lepton Flavour is not conserved

Ifonly O5 = Br(r — uy) ~ 10~% too small!
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Connection to LFV & Collider Signatures?

e v oscillation = Lepton Flavour is not conserved
Ifonly O5 = Br(r — uy) ~ 10~% too small!

e But dim=6 operators are LN conserving but LFV (f.e. Og ~ ]_LQZ_LBL,YLP).

So may be L=Lsgpn + “Saf ( a(/b) (¢TL5> + Z €64 Os.i

ALN
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Connection to LFV & Collider Signatures?

e v oscillation = Lepton Flavour is not conserved
Ifonly O5 = Br(r — uy) ~ 10~% too small!

e But dim=6 operators are LN conserving but LFV (f.e. Og ~ ]_LQZ_LBL,YLP).

So may be L=Lsgpn + “Saf ( a(/b) (¢TLB) + Z €64 Os.i

ALN

e In general to have observable LFV one needs to decouple :
New Physics scale A n responsible for the small m,, from
New Physics scale Ay r (<K A ) controlling of LFV

e Collider signatures if heavy state mass M ~ Ay ~ TeV and/or M ~ App ~ TeV
If M ~App ~ TeV (<« Ap ) motivation of light v OK

Furthermore if cg ; o< ¢5°™° PO = L.FV and coll signals directly related to M,
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Connection to LFV & Collider Signatures?

e v oscillation = Lepton Flavour is not conserved
Ifonly O5 = Br(r — uy) ~ 10~% too small!

e But dim=6 operators are LN conserving but LFV (f.e. Og ~ ]_LQZ_LBL,YLP).

C5a8 T C6.,5
So may be L=L (a)( L) Os,i
y SM + A~ ¢)\¢" Lg )+ Z 6,
e In general to have observable LFV one needs to decouple :

New Physics scale A n responsible for the small m,, from

New Physics scale Ay r (<K A ) controlling of LFV

e Collider signatures if heavy state mass M ~ Ay ~ TeV and/or M ~ App ~ TeV
If M ~App ~ TeV (<« Ap ) motivation of light v OK

Furthermore if cg ; o< ¢5°™° PO = L.FV and coll signals directly related to M,

Minimal Lepton Flavour Violation

Cirigliano, Grinstein, Isidori, Wise(05); Davidson, Palorini (06); Gavela, Hambye, Hernandez,Hernandez (09)
Alonso, Isidori, Merlo, Munoz, Nardi(11)
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Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil-
vestrini,(01) d’ Ambrosio, Giudice, Isidori, Strumia (02)

e Minimal Flavour Violation Hypothesis:

Yukawas are the only source of flavour violation in and beyond SM

Very predictive and successful to explain quark flavour data
For leptons more subtle since BSM fields are required to generate majorana M,
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Chivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil-
vestrini,(01) d’ Ambrosio, Giudice, Isidori, Strumia (02)

e Minimal Flavour Violation Hypothesis:

Yukawas are the only source of flavour violation in and beyond SM

Very predictive and successful to explain quark flavour data
For leptons more subtle since BSM fields are required to generate majorana M,

0.100 f 8
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‘MLFV & Collider Signatures I

e MLFV Fermionic (I or IIT) Inverse see-saw NO M=300 GeV
Gavela, Hambye, Hernandez,Hernandez (09)

— one massless v & one CP phase «

— Yukawas A,y determined by v parameters

o At LHC:
— Type-I unobservable but Type-III observable

pp = F(—= L X)F'(— 03X

— Rates predictable in terms of v parameters

— Unambiguous constraints from existing data
— Best with final state flavour and charge info

8210 0t es T s
o/ o/ v
Rosa-Agostinho,Eboli, MCGG 1708.08456

1 \\\\‘\\\\\
0O 05 1




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

e At least two neutrinos are massive = There 1s NP
e Three mixing angles are non-zero (and relatively large) = very different from CKM
e Leptonic CP: “Hint” driven by T2K “fluctuation”. Diluted in combination with NOVA.
CP conservation at 90% CL
e Ordering: 10 disfavoured at 99%CL (3.30) without (with) SK ATM
Definite answers most likely only with upcoming experiments
e Only three light states?
Standing anomalies in app and disapp channels in severe tension with bounds
New results from v, disappearance further disfavour O(eV) v, scenarios
e Oscillations DO NOT determine the lightest mass
Only model independent probe of m,, 5 decay: NEW!!S" m?|U.:|* < (1.1 eV)?
e Dirac or Majorana?: We do not know, anxiously waiting for v-less 53 decay
e Cosmological effects?: Still missing a “signal” and will we ever be convinced it is v/ s?
e Other NP at play? Large NSI still allowed in v OSC. Challenging model building
Dilution of present ordering preference
e What about a UV complete model for ~ mass BSM?:
Will need complementary information from other sectors
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Il. Sterile neutrino models and v, disappearance

Concha Gonzalez-Garcia

23

(3+1): robustness of the result

e The tension cannot be eliminated by discarding any individual experiment.

Analysis X r2nin,global X zmin,app Ax gpp X r2nin,disapp Ay éisapp Xpg/dof PG
Global 11209 7941 119 10122 177 29.6/2 3.7x107
Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 01 1292 1.6x1073
w/o MiniBooNE 10122 407 83 9472 161  24.4/2 52x10°°
w/0 reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8x107
w/o gallium 1116.0 791 13.8 10031 201  33.9/2 44x10°%¢
Removing constraints
w/o IceCube 920.8 791 119 8124 175 29.4/2 42x107
w/o MINOS(+) 1052.1 791 156 9486 894 2452 47x10°°
w/o MB disapp 1054.9 7941 147 9472 139 28.7/2 6.0x107
w/o CDHS 11048 791 119 9975 163 28272 75x107
Removing classes of data
Y ,-dis vs app 628.6  79.1 0.8 5429 5.8 6.6/2 3.6x1072
V' -dis vs app 564.7 791 12.0  468.9 47 16.7/2 23x10™
Y -dis+solarvsapp 8844 791 139 7817 9.7 2362 74x10°°

Michele Maltoni <michele.maltoni@csic.es>

Neutrino 2018, 8/06/2018
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‘ The New Minimal Standard Model |

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

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

* NOT 1mpose L conservation = Majorana v = v°
L=Lgp — MVLVL+hC

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

W+Z Wl L) 4+ U UiAy* LD?) + hec.

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

ULEPUEEP = I343 but in general UEEPULEP # INxN

e Urrp: 3+ 3s angles + 2s + 1 Dirac phases + s + 2 Majorana phases



e Neu‘.egg', CP & Ordering: Effect in SK ATM | IIG

Latest SK analysis (PRD 2018) yelds: From SK paper: “Small excesses seen between a few

o— and ten GeV in the Multi-GeV e-like v. and the Multi-
[ Inverted Hierarchy i Ring e-like v. and v, samples drive these preferences”.
- —— Normal Hierarchy 1

15 4
I ] 0.4—— i e

N: 10} Free 613 - 0.2} 1

| . | U L —e— Data
?9% -:- 777777 —— Normal Hierarchy

51 — 1 ---- Inverted Hierarchy

Multi-GeV e-likev, T Multi-GeV e-like T

20 ————

'
0]
7
Up - Down / Up + Down

| —— Inverted Hierarchy

- —— Normal Hierarchy 1
15 —

Multi-Ring e-like v, T Multi-Ring e-like 7g Multi-Ring Other

7 A o4 10 T T
Nzl<10jsin2 013 = 0.0219 £ 0.0012 - Energy [MeV]
09% ——— |
£ \—/
;L\\ i — No pheno group reproduces SK analysis
- i e : :
ol ///6/ — Only possibility is combine with SK ? tables



