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OUTLINE

The con rmed picture: 3 Lepton Flavour Parameters
Some Q&A and some open avenues
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\Neutrinos In the Standard Model |

The SM is a gauge theory based on the symmetry group

SU(2).
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\Neutrinos In the Standard Model |

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

Atmospheric &  disappear most likely to (SK,MINOS, ICECUBE)
Accel. & disappearat 300=800Km (K2K, T2K, MINOS, NO A)

Some accelerator appear asc atL  300=800Km ( T2K, MINOS,NO A)
Solar ¢ convertto / (Cl, Ga,SK, SNO, Borexing
Reactor¢ disappear at 200Km (KamLAND )

Reactore disappear at. 1 Km (D-Chooz,Daya Bay, Reng
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We have observed with high (or good) precision:

Atmospheric &  disappear most likely to (SK,MINOS, ICECUBE)
Accel. & disappearat 300=800Km (K2K, T2K, MINOS, NO A)

Some accelerator appear asc atL  300=800Km ( T2K, MINOS,NO A)
Solar ¢ convertto / (Cl, Ga,SK, SNO, Borexing
Reactor¢ disappear at 200Km (KamLAND )

Reactore disappear at. 1 Km (D-Chooz,Daya Bay, Reng
All this implies thatL are violated

) There is Physics Beyond SM

Theimportantquestion:

What BSM?
Today thestartingpath:

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

Minimal Extension to allow for LF\) give Mass to the Neutrino

Introduce r AND imposeL conservatior) Dirac 6 ©:
L=Lsy M | r+ hc

NOT imposeL conservatior) Majorana = ¢
L=Lsw 3M =~ ©+hc:
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\The New Minimal Standard Model |

Minimal Extension to allow for LF\) give Mass to the Neutrino

Introduce r AND imposeL conservatior) Dirac 6 ©:
L=Lsy M | r+ hc

NOT imposeL conservatior) Majorana = ¢
L=Lsw 3M =~ ©+hc:
The charged current interactions of leptons are not didgeame as quarks)
X o | o |
p%W* Ui, T L1+ UL, U LD + hc
i

In general foN = 3 + s massive neutrinos gp Is3 N matrix

y = i y
Uep Ulgp = I3 3 butingeneral U/ Ugp 6 In N

Uep : 3+ 3sanglest 2s+ 1 Diracphases & + 2 Majoranaphases
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If neutrinos have mass, a weak eigenstatei producedin + N ! + NO

X
IS a linear combination of the mass eigenstates):| = U; J il
i=1

After a distance. it can be detected with avour with probability

X0 ) X
P = 4  RgU; U; U; U] Jsin? 7” +2 ImU; U; U; U] Isin( )
j8i j6i

i — (Ei Ej)L _ 4. (m? m?) L=E
2 - > 12— kmiGev

No information on mass scale nor Majorana versus Dirac
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If neutrinos have mass, a weak eigenstatei producedin + N ! + NO

X
IS a linear combination of the mass eigenstates):| = U; J il
i=1

After a distance. it can be detected with avour with probability

X0 ) X
P = 4  RgU; U; U; U] Jsin? 7” +2 ImU; U; U; U] Isin( )
j8i j6i

i — (Ei EjL _q.p7(m7 M) 1=E
7 T 7~ L2 e kmiGev

No information on mass scale nor Majorana versus Dirac

=1 Posc Disappear

When osc between 2-dominate )
Posc = Sin“(2 ) sin® 1:27--L  Appear

) Noinfo on sign of m? and octant
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‘ Oscillations: Experimental Probesi

Generically there are two types of experiments to search tmcillations :

Disappearance Experiment Appearance Experiment
n detect detect
n,source [} detector My dtector n_ source n, detector
_ 1. _ _ Searches for
T - T bdiffa

L~ Fa Fai B - -

- |_II -
ComparesF ., and F,; tolook for loss



- - ; Caoncha (Sonzalez-Garcia 8-a
‘ Oscillations: Experimental Probesi

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

Disappearance Experiment Appearance Experiment
n, source n dletector nadlelztector n, source n. detector
_ 1. _ _ Searches for
" R bdiffa
—L~ Fa Fa B L -
- |_II -
ComparesF ., and F,; tolook for loss
To detectoscillationswe can studyhe neutrino avour
as function of thédistanceto the source As function of the neutrin&nergy
2
D.w 2
R
4 1w E/Am? ~ y
R s \/ o 2

' ' ™NE=2 x Am? x L/
L(distancia) T E(energy)
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\ Matter Effects |

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

1% 1% 1% (&
— But Different avours p -
havedifferent interactions
e, N Vey Vs Voo e, N € only v, v
. oo . P_
) Effective potential in evolution:V. 6 V. ) V = V. = 2GgNg
@ e Ve VW %zcosz %zsinz o
@x m® gin 2 m® ~0g 2 X

4E 4E
) Modi cation of mixing angle and oscillation waveleng{RISW)
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\ Matter Effects |

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

1% 1% 1% (&
— But Different avours p -
havedifferent interactions
e, N Vey Vs Voo e, N € only v, v
. oo . P_
) Effective potential in evolution:V. 6 V. ) V = V. = 2GgNg
@ e Ve VW %zcosz %zsinz o
@x m® gin 2 m® ~0g 2 X

4E 4E
) Modi cation of mixing angle and oscillation waveleng{RISW)

) For solar % in adiabatic regime

Mass difference and mixing in matter: Pee = Z[1+C0S(2 m)cos(2 )]
, 4 . . . > Dependence on octant
ms, = mcos2 2E V)°+ m#4 sin 2 : :
" ( , )=+ ) ) In LBL terrestrial experiments
m < sin(2 )

SiN@2 m) =

Dependence osign of m?
and octant

)
M mat
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We have observed with high (or good) precision:

Atmospheric &  disappear most likely to (SK,MINOS, ICECUBE)
Accel. & disappearat 300=800Km (K2K, T2K, MINOS, NO A)
Some accelerator appear asc atL  300=800Km ( T2K, MINOS,NO A)
Solar ¢ convertto / (Cl, Ga,SK, SNO, Borexing

Reactor disappear at 200Km (KamLAND )

Reactore disappear at 1 Km (D-Chooz,Daya Bay, Reng

Vacuum oscillatiorL=E pattern with 2 frequencies
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Forfor 3 's: 3 Mixing angles+ 1 Dirac Phas& 2 Majorana Phases
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Forfor 3 's: 3 Mixing angles+ 1 Dirac Phas& 2 Majorana Phases

0 . .
1 0O O C13 C21 S12 0 e'
Uep = (E@O C23 823§% 0 §(E@ S12 C12 O §(E@ 0 € 2 0§
O S23 C23 S13€ lep O C13 0O 01
Convention0O ; 90 O 360 ) 2 Orderings
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Forfor 3 's: 3 Mixing angles+ 1 Dirac Phas& 2 Majorana Phases
0

1 0O O C13 | C21 S12 0 e‘
ULep :E@O C23 823§% 0 §(E@ S12 C12 0§(B@0 e 20§
O S23 C23 size e 0 C13 0O 01
Convention0O ; 90 O 360 ) 2 Orderings
A I & m3; > @by convention
< 2
- , m3, > 0 for NO
= ms. =
< m. m3, < 0for IO
?I m 3 v ma3
Experiment Dominant Dependence Important Dependence
SolarExperiments 12 m3, , 13
Reactor LBL(KamLAND) m3, 12, 13
Reactor MBL(Daya Bay, Reno, D-Chooz) i3 m3
AtmosphericExperiments (SK,IC) 23, M3, 13, o

Acc LBL  Disapp(Minos,T2K,NOVA) m3 23
Acc LBL ¢ App (Minos, T2K,NOVA) cp 13, 23
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\ Data to be Described |

Atmospheric experiments

Solar experiments

» Chlorine total rate, 1 data point.

» Gallex & GNO total rates, 2 points.
» SAGE total rate, 1 data point.

« SK1 E and zenith spect, 44 poins.
» SK2 E and D/N spect, 33 points.

» SK3 E and D/N spect, 42 points.

IceCube/DeepCore 3-year data, 64 points.
SK I-1v 328 and 372

( 2 table provided by SK)

Missing SK-V (not table avalable yet)

kton-year

Accelerator experiments

« SK4 2970-day E spectrum and D/N asym, 24 pointsS

 SNO combined analysis, 7 points.

* Borexino Ph-I 740.7-day low-E spect 33 points.
» Borexino Ph-I 246-day high-E spect ,6 points.

» Borexino Ph-Il 408-day low-E spect, 42 points.

Reactor experiments

« KamLAND DS1,DS2&DS3 spectra
with Daya-Bay uxes 69 points

* DChooz FD/ND ratios with 1276-day (FD)
and 587-day (ND) exposures , 26 points.
» Daya-Bay 1958-day
EH2/EH1 & EH3/EH1 ratios,52 points.
Missing new 3158 day spectra

* Reno 2908-day FD/ND ratios 45 points.

“MINOS 10:71
MINOS 3:36
MINOS 10:6
MINOS 3:3

1029 pot
1020 pot
10%° pot e-app data , 5 points.

1020 pot .-app data , 5 points.
T2K 19:7 10%° pot -disapp data, 35 points.

T2K 19:7 10%° pot -app data, 23 points CCQE ai
16 points CC1.

T2K 16:3 102 pot
T2K 16:3  10%° pot e-app, 23 points.

NO A 13:6 10%0 pot -disapp data, 76 points.
NO A 13:6 10?0 pot .-app data, 13 points.
NO A 1255 10%0 pot -disapp, 76 points.

NO A 1255 10%0 pot .-app, 13 points.

-disapp data, 39 poins.
-disapp data , 14 points.

-disapp, 35 points.
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‘Summary: Global 3 Flavour Parameters I

Global 6-parameter t http://www.nu- t.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP'20 [2007.14,/Q2G, Maltoni, Schwetz, 2111.03086

NO, 10 (w/o SK-atm)
===z=:2 NO, IO (with SK-atm)
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‘Summary: Global 3 Flavour Parameters |

Global 6-parameter t http://www.nu- t.org
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‘Summary: Global 3 Flavour Parameters I

Global 6-parameter t http://www.nu- t.org
Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP'20 [2007.14,/Q2G, Maltoni, Sﬁhwe ,.2111.03086
well-known parameters:
NO, IO (w/o SK-atm) 12> 13 m%]_, J m%J
===22: NOLI0 (wih SK-atm) WATSLE®2) | m2) Solar vs KLAND
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‘Summary: Global 3 Flavour Parameters I

Global 6-parameter t http://www.nu- t.org
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‘Summary: Global 3 Flavour Parameters I

Global 6-parameter t http://www.nu- t.org
Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP'20 [2007.14,/Q2G, Maltoni, Sﬁhwe 2111.03086

NO, 10 (w/o SK-atm)
===z=:2 NO, IO (with SK-atm)
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‘CPV and Ordering in LBL: ¢ appearacela'ez'Ga”‘a H

Dominant information from ¢ apperance in LBL

2
. . B L . VEL . B L L
Pe ' s33sin?2 13 B—31 sin? — +J“V—218—3lsm E sin—— cos 31 cp
E
2
ij = L:TE” B = 31 VE J = C13 sin22 13 sin22 23 sin22 12

™
dep

f=s——=——= Observed £lo
P NO, sin? oy € 0.4, 0.58]

P (O, sinfy; € [0.44,0.58]

) Each T2K and NOA favour NO
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Dominant information from ¢ apperance in LBL

2
. . B L . Ve L . B L L
Pe ' S53sin?2 13 31 sin2 = 4y 3y E sin —— cos ——r cp
B 2 Ve B 2 2
2
ij = ;I]E” B = 31 VE J = C13 sin2 2 13 sin2 2 23 Sil’]2 2 12

oA But tension in favoured values ogp In NO

NuFIT 5.1 (2021
10 o L MuFTS1(=02)

15

— Minos
— NOVA
— T2K

— LBL-comb

dep

_____________ Observed +1o 0 90 180 270 360 0 90 180 270 360
P NO, sin? oy € 0.4, 0.58] SCP SCP
P (O, sin’fy; € [0.44,0.58)]

) Each T2K and NOA favour NO ) 10 best tin LBL combination
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‘ m3 in LBL & Reactors I

At LBL determined in and disapperance spectrum

2 C%Z m%l NO
sz, m3, 10
At MBL Reactors (Daya-Bay, Reno, D-Chooz) determineddmlisapp spectrum

2 2
"2 Ma Nunokawa,Parke,Zukanovich (2005)

2
Clo, M35 10

) Contribution to NO/IO from combination of LBL with reactoath

m m35, + + 10

2 2
Mee m3l+



Concha Gonzalez-Garcia 18-a

‘ m3 in LBL & Reactors I

At LBL determined in and disapperance spectrum

2 m? L5 m3 NO
3 2 2
512 m35, 10

At MBL Reactors (Daya-Bay, Reno, D-Chooz) determineddmlisapp spectrum
ms3, ' m3, + S%Z mél NO Nunokawa,Parke,Zukanovich (2005)
) Contribution to NO/IO from combination of LBL with reactoath

m TR

c12 m35, 10

| NUFIT 5.1 (2021)
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‘ m3 in LBL & Reactors I

At LBL determined in and disapperance spectrum

2 2
2 2 Cip, M5 NO
m3| + 2 Te}

m 2
S1p M3

+ 1l
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At MBL Reactors (Daya-Bay, Reno, D-Chooz) determineddmlisapp spectrum

2 2
2 2 sip, mM5; NO

Nunokawa,Parke,Zukanovich (2005)

) Contribution to NO/IO from combination of LBL with reactoath

D

15

10

— Reactors
— LBL-comb

| NUFIT 5.1 (2021) |

T2K and NO A more compatible in IQ 10 best tin LBL combination
LBL/Reactor complementarity inm3. ) NO best tin LBL+Reactors
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‘ m3 in LBL & Reactors I

At LBL determined in and disapperance spectrum

2 2
. C m5; NO
m? m3 + 2 5 O+
S1p M3

At MBL Reactors (Daya-Bay, Reno, D-Chooz) determineddmlisapp spectrum
ms3, ' m3, + S%Z 2%1 :\(')O Nunokawa,Parke,Zukanovich (2005)
12 21

Contribution to NO/IO from combination of LBL with reactoath

| NUFIT 5.1 (2021) |

N

Nd NUFIT 5.1 ( 2021) |

15 | — Mlnos
— NOvA
— T2K

— LBL-comb
— LBL-react |

10

D

— Reactors
— LBL-comb

0 90 ' 180 270 360 0 90 180 270 360

cP Scp

T2K and NO A more compatible in IQ 10 best tin LBL combination
LBL/Reactor complementarity inm3. ) NO best tin LBL+Reactors
INNO: b.f cp =195 ) CPC allowed at 0.6

INlO: b.f cp 270 ) CPC disfavoured at 3
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‘Ordering and CPV including ATM I

ATM results added to global t using SK? tables
- NUFIT 5.0: included SK I-1V 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

NO, 10 (w/o SK-atm) INuFIT 5.0 (SK-328 kton-yr)| _
Add SK-atm tabl¢ favouring of NO:

2 — .
NO 10:w=0SK atm 2:7
2 — .
NO IO ;with SK atm — 7:1
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‘Ordering and CPV including ATM I

ATM results added to global t using SK? tables
- NUFIT 5.0: included SK I-1V 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

______ NO, 10 (w/o SK-atm) | NyF|T 5.1(SK-373 kton-yr)| _
ST R Dk St Add either SK-atm table favouring of NO:

T T | N T T T T l 1 | II
15 __III \ \ \ II ]
A \ \ 1] 2 — 2 7
. NO [10:w=0SK atm .

2 — 7.
NO 10 ;with SK atm =71

1 Add new table slight increase of signi cance of CPV in N

w/o SK-Atm b.f cp =195 CPC at 0.6
with SK-Atm: b.f ¢p =230 CPCat?2
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‘Flavour Parameters: Mixing Matrix I

We have the three leptonic mixing angles determi(ad 3 /6)

O01801! 0:844 513! 0:579 Q143! 021561

jUjis = @0:233! 0:507 0461! 0:694 0639! 0:778A
0:261! 0:526 0471! 0:701 0611! 0:761
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‘Flavour Parameters: Mixing Matrix I

We have the three leptonic mixing angles determi(ad 3 /6)

0 1

0:801! 0:844 0513! 0:579 0143! 0:156
jUjis = @0:233! 0:507 0461! 0:694 0639! 0:778A
0:261! 0:526 0471! 0:701 0611! 0:761

Good progress but still precision very far from:

0 0:97427 0:00015 022534 0:0065 (351 0:15) 10 31

iViecku = @ 0:2252 0:00065 097344 0:00016 (412*1Y) 103 A
(8:67°%57) 10 3 (40:4"1) 10 % 0:999146% 20005
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‘Flavour Parameters: Mixing Matrix I

We have the three leptonic mixing angles determi(ad 3 /6)

0 1

0:801! 0:844 0513! 0:579 0143! 0:156
jUjis = @0:233! 0:507 0461! 0:694 0639! 0:778A
0:261! 0:526 0471! 0:701 0611! 0:761

Good progress but still precision very far from:

0 0:97427 0:00015 022534 0:0065 (351 0:15) 10 31

iViecku = @ 0:2252 0:00065 097344 0:00016 (412*1Y) 103 A
(8:67°%57) 10 3 (40:4"1) 10 % 0:999146% 20005

Also very different avour mixing of leptons vs quarks
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‘3 Mixing: Leptonic Unitarity Triangle I

Unitarity triangle in quark sector
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‘3 Mixing: Leptonic Unitarity Triangle I

The equivalent in thet@apc sector

Unitarity triangle in quark sector

NO

NUFIT 5.0 (2020)

]
~k

-0.5 0 0.5 1
Re(z)
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‘NearFuture for CP and Ordering: Strategies I

= comparisorwith or withoutEarth matter effect;mm ! & ! ¢ atLBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=30)

2

Pe ' s53sin®2 13 —2y  sin® =YL
max _ 12 31 in VL ' a1 VL a1l
+8Jcp v+ v sin 5= sin —5— cos —3 CP

JIEX = ¢2,513C23523C12512
— Challenge: Parameter degeneradiss;malization uncertaintye reconstruction

Earth matter effectm large statistic?A\TM  disapp: HK,INO, PINGU,ORCA ...
— Challenge: ATM ux contains both and , ATM ux uncertainties

Reactor experiment &t 60km (vacuum)able to observe
the difference between oscillations withm3, and m3,: JUNO, RENO-50

m3, L

4E

m3, L
4E

2
: : m3; L : : :
=1 cj3sin®2 1 sin’ 4é1 sin®2 13 ¢, Sin® + s2, sin®

(S

— Challenge: Energy resolution
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‘JUNO: Sensitivity to Oscillation Parameters I

Central Value PDG2020 100 days 6 years 20 years
Am2; (x1073 eV?) 2.5283 +0.034 (1.3%)  £0.021 (0.8%)  £0.0047 (0.2%)  +0.0029 (0.1%)
Am2; (x107° eV?) 7.53 +0.18 (2.4%)  +0.074 (1.0%)  +£0.024 (0.3%)  +0.017 (0.2%)
sin? 614 0.307 +0.013 (4.2%) +0.0058 (1.9%) +0.0016 (0.5%) +£0.0010 (0.3%)
sin? 63 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) =40.0016 (7.3%)
—-—- PDG2020 precision
—— JUNO 6 years
10 _I T T T | MmT TT | T T T 1 _| T T T | T T T | T T ] 0 T T T ]| T T T |1 | T I_
8- . - .
. 6 . - .
3 T i A i
At /] = /]
Y /] L /
Y /4 L o
21 /A - .
- N\ / m - ) m
“““ N ST/ . ) TN T A
0 I |\'|\~|. T L1 |\"r-| S T |\1-| e ]
250 255 2.60 725 7.50 7.75 0.28 0.30 0.32 :
Am32,[1073 eV?] Am?2,[107° eV?] sin261, sin2613[1072]

2204.13249
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Reactor v, signal IBD event number (x10°)

o©
o

0.5 1.0 1.5 2.0 2.5 3.0 A2,
T T L T T T T T ] min stat. + 1 Syst.
i JUNO Simulation Preliminary ===~ ] Statistics 113
o i e §
o BB USSRIY .tocUS S SRR _ Stat.+Flux error -0.6
T 40 :::::’/ ] Stat.+Backgrounds -1.4
B ] Stat.+Nonlinearity -0.4
. 30 . ]
R g u Stat.+Others <-0.05
- = e NO: stat. only _
i —— NO: stat.+all syst. - Total 9.0
2 i
2 b I0: stat. only ]
i —— 10: stat.+all syst. |
1 I M| T ! T T ! T ! T ! T IR R IR AN R A M B M

0 2 4 6 8 10 12 14 16 18
JUNO exposure [yearsx26.6 GWy,1]

N
o

= & = = El= DAl
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DUNE & Hyper-Kamiokande: 53 ——— NO,10 (SK-aim 372 kion-
=====:z NO, IO (SK-atm 328 kton-}
VIT [T T I T[T T T T[T T T T [f7]
15 \ I —
1\ 1 -
LA\ [ —
L I
\ 1
-\ I
10 —\v I —
- |\ ] -
Yo L T
@] B ! _
— I —
5 — _
0_|||| |||||||||\|\||/|/|||||_
E OUNE Sensitviy DS —— 04 045 05 055 06 0.65
= All Systematics — :z:gm:s;:ged} __l — 1 T T T T ] T T T T ",
3 ::r;;;: l:r:.::: i 0.003 ;‘;ﬁ‘::_"‘:’:::mm E Sin q23
E— and oscillation parameters E
3 E
5 — -
AR, RNy - .
0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 Co L Lo L0 Lo .

sin0,,
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DUNE & Hyper-Kamiokande: CPV and MO

Mass Ordering DUNE Hyper-Kamiokande

........... LANLEN B LI L B N L L L B L L

- T
7 ouNE MO Sensitivity E e e =
i All Systematics 3 | g - —— Alm¢8eam(‘l’rue)brm.l]sm‘9";ﬂii -
6 //”/ &) j i Atm + Beam (True Inverted) ;'-?um=o.4 i
/,’/ > 5 | —@— Am .+ Beam (True inverted) sif0,,=0.5 g |
Bl R e R e R T G g E = M. Bonm (hen nvecied) sif ;804 E
g 4 E
- a4 i I 2|
k) s 3 =
. | B e e S T P G s S T S SRR S S e = L =
& of -
2 Phase I: = E E
1.2 MW from start 1= ]
1 — — 4 year beam ramp C el
PP IPEPEIT ISP AP BN BTl EPETE BFIPIr AT AT I e
Po | 2P EPEMEPEPI EPEPEP EPEPENEN EPEPEMI BRI B 0 1 0 3 2 5 6 7 8 9 10
(o] 3 4 5 6 7 A %
Voars Running Time (Years)
[ DUNE Sensitivity S MW st 18 HK 10 years (2.70E22 POT 1:3 vV)
12— All Systematics ~———— 624 kt-MW-years R £
: Normal Ordering — Median of Throws I_"*lx 16 =1 —) Bemn (KI]O“'T'I MO) _____
[ sin®26,, = 0.088 + 0.003 10: Variations of = E mmmmeesmnenae Beam (Unknown MO)
10}-0.4 < sin?%0,, < 0.6 ::":::::;_’:::"::‘:m. -~ - 14 =———— Atmospherics (UnknownMO) ..
i g = e Combined (Known MO)
‘ 2 12 sesssesssesan Combined (UnknownMO) =
- 8 [ E 10 -
= [ 5 - m\
B o 3F ﬁ
5 & o 8 7 A\Y 75 2N
Il ghamag A\ 7 i
-~ = 7 N S0 f
i T o \ / = \
< 47 e N R e
= 2 E i — \ e Pl = 5 .Y
B Eng Bl SNy N . . ¥
0 e 4 | 4 4 =5 | 5F g W— e T N O O |M
c...I...I...I-..I...l...l...l...l...l... vper- pfe]]n)[m’ T]'uea
-1 -0.8-0.6-0.4 _0-28 (:/n 0.2 04 06 08 1 True normal ordering, improved syst. (VJ/V, xsec. error 2.7%) €r
< =inA.A=0 D 18] <inZA.0=0 578 [Ami= 7 SN0 « 107 224
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‘ Con rmedLE Picture and today's List of Q&A I

» At leasttwo neutrinosare massivg¢ There is NP

 Updated 3 t
— Robust determination ofiz, 13, m3;,j M3 ]

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) interplay of LBL/reactor/ATM results

best t MO 2(MO) bestt cp 2(CPC) oct. 3 2(oct)
LBL (@] 1.5 275 2.0 2nd 2.2
+reactors NO 2.7 195 0.4 2nd 0.5
+ SK-Atm 328 kt-y (NuFIT 5.0) NO 7.1 197 0.5 2nd 2.5
or + SK-Atm 373 kt-y (NUFIT 5.1)]  NO 7.0 230 4.0 1st 3.2

) not statistically signi cant yet
) de nitive answer will likely require new experiments
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‘ Con rmedLE Picture and today's List of Q&A I

» At leasttwo neutrinosare massivg¢ There is NP

 Updated 3 t
— Robust determination ofiz, 13, m3;,j M3 ]

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) interplay of LBL/reactor/ATM results

best t MO 2(MO) bestt cp 2(CPC) oct. 3 2(oct)
LBL (@] 1.5 275 2.0 2nd 2.2
+reactors NO 2.7 195 0.4 2nd 0.5
+ SK-Atm 328 kt-y (NuFIT 5.0) NO 7.1 197 0.5 2nd 2.5
or + SK-Atm 373 kt-y (NUFIT 5.1)]  NO 7.0 230 4.0 1st 3.2

) not statistically signi cant yet
) de nitive answer will likely require new experiments

e Only three light states?



‘Beyond 3 's: Light Sterile Neutrinos rma'ez'eamia?’l

SeveralObservationsvhich can be Interpreted &scillations with m?  eV?

LSND &MiniBoone Gallium Anomaly Reactor Anomaly (2011)
LSND 2001 S0 MBS T O ers
Signal ! (3.8 ) Radioactive SourcesSXCr, 37 Ar) New reactor ux calculation
MiniBooNE 2020 in calibration of Ga Solar Exp; ) DecitindataatL . 100 m
: g et+tGa!l Ge +e ——_—_—,
C° -© Give a rate lower than expected B S v R

(639 1328 events)

1.3

)

oxp / HM
o7s/Sra

1.2

{ GALLEX (Cr-1)
GALLEX (Cr-2

{ SAGE (Cr)
SAGE (Ar)

|
=
e

oxp
Ra,H

I~
©
I
|

observed / predicted

o o
)

=036 7

c o
N
[T
1
——
|

10 10° 10°
L [m]

Explained as e disappearance Explained as ¢ disappearance



‘Beyond 3 's: Light Sterile Neutrinos rnza'ez'Gafcia31-a

SeveralObservationsvhich can be Interpreted &scillations with m?  eV?

LSND &MiniBoone Gallium Anomaly Reactor Anomaly (2011)
LSND 2001 Ghuntl Laveder 1006.5244 - Mention etai 13012755

Signal ! | Oscillation Interpretation Requires new (sterile)s | calculation
MiniBooNE 20 atl . 100 m

rasnoyarsk <~ RENO SRP
ucifer & Rovnod8 STEREO

(639 1328

P =086,

10° 10°

[m]

disappearance




‘Beyond 3 's: Light Sterile Neutrinos r°”za'ez'Gaf°ia32

LSND &MiniBoone
! e & ! e

sin®2 . - SiN® 2 o SIN° 2

Strong tension with
non-obervation of dissap

99.73% CL
2 dof
Q)
d
NE k Appearance
< ( w/o DiF)
i)isappearance
— Free Fluxes
10_1 -~ Fixed Fluxes
1074 1073 1072 107!
sin® 26,

Dentler etal, 1803.10661

Purely sterile oscillation

robustly disfavoured
additional SM or NP effects?



‘Beyond 3 's: Light Sterile Neutrinos rnza'ez'Gafcia32-a

LSND &MiniBoone

Am? [eV?]

I e& 1 e
Sin“2 ¢ £5SiN°2 ¢eSin° 2
Strong tension with
non-obervation of dissap

99.73% CL
2 dof

Appearance
( wj/o DiF)

Disappearance
— Free Fluxes
- - - Fixed Fluxes

1071k

1074 1073 1072 107!
sin® 26,

Dentler etal, 1803.10661

Purely sterile oscillation
robustly disfavoured

additional SM or NP effects?

Gallium Anomaly

Acero etal, 0711.4222;Giunti, Laveder,1006.3244

et+1Gal "1Ge +e
Rate lower than expected
Explained as  disappearance
Con rming results from BEST

2109.11482

[
l J = ]
s ]

« hip

Am {eV7)
L I R RV N - S R - - B =1
L 1 I 1 1 I 1 I I

1] e —
00 01 02 03 04 05 06 07 08 09 10
sin 24

Requires large mixings

Ruled out/tension by solar’s
Goldhagen etal 2109.14898

Berryman etal 2111.12530



‘Beyond 3 's: Light Sterile Neutrinos I’“za'ez'Gami“Z-b

LSND &MiniBoone

I e& 1 e
Sin“2 ¢ £5SiN°2 ¢eSin° 2
Strong tension with
non-obervation of dissap

99.73% CL
2 dof

Appearance
( wj/o DiF)

Disappearance

— Free Fluxes
- - - Fixed Fluxes

10_1 v} 1 1 1
107* 1073 1072 107!

i 2
sin“ 26,

Dentler etal, 1803.10661

Purely sterile oscillation
robustly disfavoured
additional SM or NP effects?

Gallium Anomaly

Reactor Anomaly

Acero etal, 0711.4222;Giunti, Laveder,1006.32444uber, 1106.068,Mentioatal,1101.2755

et1Gal "lGe +e
Rate lower than expected
Explained as  disappearance
Con rming results from BEST
2109.11482

Am {eV7)
L I R RV N - S R - - B =1
1 I 1 1 I 1 I

— T T T T
00 01 02 03 04 05 06 07 0O 09 10
sin"2 @

Requires large mixings

Ruled out/tension by solar’s
Goldhagen etal 2109.14898

Berryman etal 2111.12530

2011 reactor ux calculation

e — data
Decitin R = Sredict atL . 100m

Explained as ¢ disappearance

2022 with updated input${° U)

Berryman Huber, 2005.01756
Kipelkin etal, 2103.01486
Giunti etal, 2110.06820

T T T
Q| = Bugey-3 — DayaBy - IL 4~ Palo Verde Rovnodt
- ~& Bugey-4 % Double Chooz &~ Krasnoyarsk =~ RENO SRP
+ — Chooz Gosgen #= Nucifer %~ Rovno8g STEREQ

¢ 4

1

. exp 4]
\=0%4/%a

exp
RE,K
0.90

Rug=0975 351

10 10° 10°
L [m]

(Fig from Giunti etal, 2110.06820)

Anomaly 1
with new uxes



Searches for eV sterile neutrinos!

e 5, S . Posseidon@ PIK, Gatchina
: 'ﬁ S W »{Sage, Baksan
b, ¢ : ' ined EFCKS ‘
B OscSNS ‘ . & Neutring8 ‘@‘E% A } IsoDYar
5 2 / o ‘ 4+ ’ _;.. ?}‘f?ﬁff"{giaﬂ y 3 "»JPARK

NuStorm » i o - : MLF

Minos+ T
SBN "\ R ILL Do N
NuStorm ble SOX@ LINSE

Deadaleus

Neutrino Beam

This talk: (anti-) #, disapearance only!
2
P = 1—sin229“sin2% & sin220x=‘Ue4‘2(1-‘Ue4‘2)

S. Sch8nert | TUM | Sterile neutrinos !



Recent relative spectral measurments

T T T T T
0.78 -
Dentler, Hernandez, Kapp,
076 - Maltoni, TS, 1709.0429
a 0.74 -
=]
S o ===
8
(=]
Ke) 0.7 -
g ;
T oes |
066 |- global reactor best fit
DANSS best fit —— —
0.64 DANSS data +—+—

L L L L L
2 3 4 5 6 7
Positron Energy [MeV]

a@L=10.7and 12.7 m

Neutrino4: segmented
detector, L = 625 to

g
-
»

-
N

1 Am’=7.25¢V", sin’(20) = 0.26
- Unity

Neutrino4 2005.05301

_ ® expected, Am?=7.25eV?, sin20 = 0.26
| = Observed, 24p, average (125, 250, 500 keV). Dec, 2019.

4 Observed, 24p, 500keV. Dec, 2019.

500 keV
¥'/DoF  17.11/17 GoF 045
¥/DoF  29.98/19  GoF 0.08

loo A1 g 3.
EVa At

7 Average 125, 250, 500 keV
Am’=7.25eV’, sin’(20) = 0.26

7'/DoF  19.86/17 GoF  0.28

segmented detectors:
STEREO [arXiv:19

L=9to 11 @ Ay%(noosc)=9

PROSPECT [arXiv:2006.11210]

j Unity ¥'/DoF  31.93/19  GoF 0.03
10 15 20 25
L/E
w2
8 12 T T T ]
z [ (Amj,sin”20,,) = (0.69 V>, 0.1) |
2 L1 (A m?,,sin®20,,) = (237 eV2,0.1) —
2L . g
= :- +t
S 09 ; 1]
b | —— data Atif et al al.,2011.00896
o
= 08 PR — " | E— " PR T —— — PRI | L PR — 1 PR T—
= 7% 3 4 5 6 7 8
Neutrino Energy (MeV)

NEOS: spectrumatL=24m, r

L=6.7t09.2m

24

(or DayaBay) near detector

Th. Schwetz - PIC 2021

- Ay?(no osc) = 11.7

Karlsruher Institut for Technologie

Spectral ratios at different baselinesindependent of ux normalizations.

But low statistical signi cance (Wilk's theorem fails) Berryman, etal 2111.12530
MC estimation of prob distributioh no signi cant indication of ¢ oscillations



Concha Gonzalez-Garcia 35

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

» At leasttwo neutrinosare massivg There is NP

« 3 scenario Robust determination of», 13, mM35;,j M35 ]
— large lepton mixing very different from quark CKM

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

 More than 3 light states?Not coherently supported by SBL anomalies
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‘ Con rmed Low Energy Picture and MY List of Q&A I

» At leasttwo neutrinosare massivg There is NP

« 3 scenario Robust determination of», 13, mM35;,j M35 ]
— large lepton mixing very different from quark CKM

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

* More than 3 light states?Not coherently supported by SBL anomalies
* What about mass scale and Dirac vs Majorana?
— Only model independent probe of  decay i m?ZjUe j°  (0:8 eV)?
— Dirac or Majorana?We do not knowanxiouslywaiting for -less decay

— Cosmological effectsNo signal yet
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‘ Con rmed Low Energy Picture and MY List of Q&A I

» At leasttwo neutrinosare massivg There is NP

3 scenario Robust determination ofi, 13, mM3;,j M5 ]
— large lepton mixing very different from quark CKM

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

More than 3 light states?Not coherently supported by SBL anomalies

What about mass scale and Dirac vs Majorana?
— Only model independent probe of  decay i m?ZjUe j°  (0:8 eV)?
— Dirac or Majorana?We do not knowanxiouslywaiting for -less decay

— Cosmological effectsNo signal yet

Other NP at play?
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‘Non Standard Interactions (NSI) |

At dimension-6 new 4-fermion interactions involvin(s.

Some can afffect CC process in production and detection
( P.)(f? Pf)

and can be strongly constrained with charged lepton presess

Some affect only NC interactions
( Po ) Pf)

and are more poorely constrained
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Including non-standard neutrino NC interactions with fennf

LNS = 2p§GF"fP( L )f Pf); P=LR
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Including non-standard neutrino NC interactions with fennf

LN, = 2'056F ( L )Yf Pf); P=LR

0 1 0 1
p_ 1 O O l ||e ||e
Hmat = 2Gg Ne(r) % O 0 O g + ZGF Ne(r)% " g
O O O e [} [}
X N (r) v

(r)

No (1) ) 3 evolution depends of (vac) +8 perf (mat)
f=ued °©
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Including non-standard neutrino NC interactions with fennf

LN, = 2'056F ( L )Yf Pf); P=LR

0 1 0 1
p . 1 O O l "e "e
Hmat = 2Gg Ne(r) % O 0 O g + ZGF Ne(r)% " g
O 0 O 'e : :
X N
(r) Nf E:;"fv ) 3 evolution depends of (vac) +8 perf (mat)
f=ued °©

) Parameters degeneracies

In particularH ! H ) same Probabilities invariance under simultaneously:
12 9 5 12 , ("ee " )! ("ee " ) 2,
m%, ! m3, ; (" )t "),
| ; L (6 ),

) Degeneracies iny» octant and mass ordering
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‘ NSI: Bounds/Degeneracies from/in Oscillation dati

Estebaretal JHEP'18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHER911.09109] (updated 2020)
Standard Fit LMA ) BoundsO(1% 10%)
) Maximum effect at LBL experiments:

="e 4 2+Y, "

+ 1+2Y, "d

12 e e T T T T
o ;\ T H\ \ f f \ \ IF \ \ E E
8 JF HE = E
% ok El3 E E
4= 4F = =
’ §\LMA\\ ] \ \ 1k \ \ \ 7: ? \ \ E s \ \ E
4202 05005 02002 -4 0 1 0050 005
%e ™ Cmm & " % % o
LMA | ) To be considered in effects/sensitivity stud
S l_[j_{]?z —5—”.32” at DUNE, HK- L (tables available)

-ee Ry IY T

gt — ¥, | [-0.001, +0.018]

Eep —0.050, +0.020]
—0.077, 4+0.008]
e —0.006, +0.007]
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‘ NSI: Bounds/Degeneracies from/in Oscillation dati

Estebaretal JHEP'18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHER911.09109] (updated 2020)

Standard Fit LMA ) BoundsO(1%

10%)

) Maximum effect at LBL experiments:

="t 4+ 2+Y, "Y o+ 1+2Y, "¢

12 T T \\‘ ‘ ::\\‘\\\‘ T N\ ‘\\\\‘\\::\\\\\\\\\\\\
10 = e a1
8 - — = =l
86r 3 E
4f - = 1F

2 ELVA - El: ElS 1k ]

O T W NS REENE NN N i [ETETE s T A S N § RN SRR (AR A

4 -2 0 2 -05 0 05 -02 0 0.2 -1 0 1 -0.05 0 0.05

&e =€ & ~Cmm S & e

) To be considered in effects/sensitivity stud
at DUNE, HK. .. (tables available)

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

)
) Requires NSI

2% 5

12

& ("ee ")l (e ") 2

Ge (light mediators?)

Farzan 1505.06906, and Shoemaker 1512.091
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\Oscillation bounds on Z'/Dark Photons I

Coloma, MCGG, Maltoni, JHEP'21 [2009.14220]

Interpreting
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\ZOI\/IodeIs: Oscillations Bounds |

Coloma, MCGG, Maltoni ArXiv:2009.14220
Mzo & O(MeV) ) Contact Interaction it mat

) Bounds from Oscillations stronger than scattering boumdsomne models
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‘ZOI\/IodeIs: Long Range Regime I

For extremely lighZ “the potential encountered byat % depends on the integral of
the source density within a radius1=Mz. around it

0 1
1+ "ee(x) 0
We can still formally writeH na = pEGF Ne(r)% 0 " (%) 0 §
0 0 " (%)
(%) X Ky (%, Mzo) ¢ X (% M y0) 4 z N ( )e Mz o0j~ x] e
No(r) AR VE i~ %

f de Holanda, MCGG, Masso,Zukanovich hep-ph/06090¢
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‘ZO/Dark-photon: Bounds from Oscillations I

Coloma, MCGG, Maltoni, JHEP'21 [2009.14220]
Very light M °. O(eV)) mediator) Long Range Force to Contact InteractiorHp,at

) Bounds from Oscillations stronger than 5th force and VERearpents
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Survey 10000 set of models characterized by the six reldeamionU (1) charges
About 5% lead to a viable LMA-D solution. Two examples

Coloma, MCGG, Maltoni ArXiv:2009.14220
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« At leasttwo neutrinosare massivg There is NP

3 scenario Robust determination ofi», 13, mM35;,j M35 ]
— large lepton mixing very different from quark CKM
— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

More than 3 light states?Not coherently supported by SBL anomalies
What about mass scale and Dirac vs Majorana?
— Only model independent probef decay m?jUaj* (0:8 eV)?
— Dirac or Majorana?We do not knowanxiouslywaiting for -less decay
— Cosmological effects™No signal yet

Other NP at play®©nly subdominant allowed. But for NSI

— No hint in present experimenjs bounds on effects at future experiments
— But degenerate solution Dark-LMA not excluded

— Bounds on avoured dark-photon/Z' models

What about a UV complete model which answers?
— Why are neutrinos so light? The Origin of Neutrino Mass
— Why are lepton mixing so different from quark's? The Flavour Puzzle
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‘Bottom-up: Light from GeneridNew Physicsl

If SM is an effective low energy theoyfyor E NP
— The same particle content as the SM and same pattern of dyynoneaking
— But there can baon-renormalizable (dim 4) operators
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‘Bottom-up: Light from GeneridNew Physicsl

If SM is an effective low energy theoyfyor E NP
— The same particle content as the SM and same pattern of dyynoneaking

— But there can baon-renormalizable (dim 4) operators
) First NP effect) dim=5 operator. Only one and violates Lepton Number

V2
L) M=z

_ Zij T —
O5 - I—L;i
NP
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‘Bottom-up: Light from GeneridNew Physicsl

If SM is an effective low energy theoyfyor E NP
— The same particle content as the SM and same pattern of dyynoneaking

— But there can baon-renormalizable (dim 4) operators
) First NP effect) dim=5 operator. Only one and violates Lepton Number

Z V2

O5 - ¢ I—L;i - ~T|_E;j ) (M )ij — Zij —
NP NP

Implications:
— Neutrinos aréd/lajorana

— Itis naturalthat mass is the rst evidence of NP

— Naturallym other fermions masses fvif \p >>vVv
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‘Bottom-up: Light from GeneridNew Physicsl

If SM is an effective low energy theoyfyor E NP

— The same particle content as the SM and same pattern of dyynoneaking

— But there can baon-renormalizable (dim 4) operators

) First NP effect) dim=5 operator. Only one and violates Lepton Number

Z. V2
O5 = L I—L;i - ~T|_E;j ) (M )ij — Zij —
NP NP

Implications:
— Neutrinos aréd/lajorana

— Itis naturalthat mass is the rst evidence of NP

— Naturallym other fermions masses fvif \p >>vVv

“m > " mZ,,  0:05eVforZ 1) NP 1015Gev) NP
) Leptogenesis possible

[Butif Z  (Ye)?) np TeVscalg

GUT scale
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‘I\/Iodel Degeneracy at Low Energy I

Os Is generated for example by tree-level exchange of sinijlet ( (1; 1)o) (Type-I) or
triplet fermions (\; i (1;3)o) (Type-Ill) or a scalar triplet (1;3)1 (Type-II)
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‘I\/Iodel Degeneracy at Low Energy |

Os Is generated for example by tree-level exchange of sinijlet ( (1; 1)o) (Type-I) or

triplet fermions (; i (1;3)o) (Type-IIl) or a scalar triplet (1;3)1 (Type-ll)
For fermionic see-saw L np = iNiBN; + sMyj NENj + L N[ ]
) 05 = - NP) L ~ ~T|_C with ne = My
For scalar see-saw L \p = f L LC+M?2) 2+ T ¥ o
_ _ M 2
) O5 = f L ~ ~T|_C with NP — ——

NP

Very different physics, but sameparameters: How to proceed?



Concha Gonzalez-Garcia 48

‘I\/Iodel Degeneracy at Low Energy I

SameOs5 can be generated by very different High Energy physics
Very different physics, but sameparameters: How to proceed?

— Top-down: Assume some speci ¢ model and work out the rexhesti
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‘I\/Iodeling Lepton Flavour: 2006 to 2022 I

Survey of 63 mass models in 200@\bright, M-C Chen,hep-ph/0608136)

Present 3 range

T

— Determination of 13 has given us important handle in avour modeling
— Next frontieris the ordering
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‘I\/Iodel Degeneracy at Low Energy I

SameOs5 can be generated by very different High Energy physics
Very different physics, but sameparameters: How to proceed?

— Top-down: Assume some speci ¢ model and work out the rexhesti

— Search for additional information frooharged LFV collider signals ..



Connection to CLFV & Collider Signatures? T

oscillation) Lepton Flavour is not conserveahd generically new \p scale

Ifonly Os ) Br( ! ) 10 #toosmalland np  Vv?=m too high
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oscillation) Lepton Flavour is not conserveahd generically new \p scale
Ifonly Os ) Br( ! ) 10 #*toosmalland \np Vv2=m too high

But dim=6 operators areN conservingbutLFV (f.e.Og L L L L ).

Cs — = Ce:i
L T LC + 21|
LN i LF

So may be L=Lgy +

Og:i
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‘Connection to CLFV & Collider Signatures? I .

oscillation) Lepton Flavour is not conserveahd generically new \p scale
Ifonly Os ) Br( ! ) 10 #*toosmalland \np Vv2=m too high

But dim=6 operators areN conservingbutLFV (f.e.Og L L L L ).

Cs [~ ~TLC . C€25;i

LN i LF

So may be L=Lgy +

Og:i

In general to havebservable LF\bne needs talecouple
New Physicscale |y responsible for themallm from
New Physicscale | ( .~ ) controlling of LFV
and if heavy state mad4 e TeV ) Collider signatures

Furthermore ifcg;; / c53°MePOWer )y | FV andcoll signalsdirectly related tavi



‘Connection to CLFV & Collider Signaiafeén’g ) I51

oscillation) Lepton Flavour is not conserveahd generically new \p scale
Ifonly Os ) Br( ! ) 10 #*toosmalland \np Vv2=m too high

But dim=6 operators areN conservingbutLFV (f.e.Og L L L L ).

Cs [~ ~TLC . szi;i

LN i LF

So may be L=Lgy +

Og:i

In general to havebservable LF\bne needs talecouple
New Physicscale |y responsible for themallm from
New Physicscale | ( .~ ) controlling of LFV
and if heavy state mad4 e TeV ) Collider signatures

Furthermore ifcg;; / c53°MePOWer )y | FV andcoll signalsdirectly related tavi

Minimal Lepton Flavour Violation

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



‘ MLFV & Collider Signatures Icha Gonzalez-Garcia 52

Minimal Elavour Violation HypotheSiSChivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil

vestrini,(01) d'Ambrosio, Giudice, Isidori, Strumia (02)

Yukawas are the only source of avour violation in and bey&id

Very predictiveandsuccessfuto explainquark avour data
For leptonsmoresubtlesince BSM elds are required to generatejoranaVl
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Minimal Elavour Violation HypotheSiSChivukula, Georgi (87) Buras, Gambino, Gorbahn, Jager, Sil

vestrini,(01) d'Ambrosio, Giudice, Isidori, Strumia (02)
Yukawas are the only source of avour violation in and bey&iM

Very predictiveandsuccessfuto explainquark avour data

For leptonsmoresubtlesince BSM elds are required to generatejoranaVl

Scalar (Type-Ill) see-saw is MLFV

T
(0]

Cs; = f V. Co: =fY f '%

E

IfM . TeV T
) Production of triplet scalargd H , Ao, Ho Normal §
pp! H™ H ot

Striking Signatures . b

pp! H™ H %

g

<

Garayoeet al, Hanet al, Kadastiket al . . .

predicted by neutrino parameters Inverted
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‘ MLFV & Collider Signatures |

MLFV Fermionic (I or 1ll) Inverse see-saw

Gavela, Hambye, Hernandez,Hernandez (09)
one massless & one CP phase

Yukawas py determined by parameters

At LHC:

— Type-I unobservable but Type-Ill observable 1

pp! F( ~ X)FQ X9

— Rates predictable in terms ofparameters

—Unambiguous constraints from existing data® _

— Best with nal state avour and charge info

L~
o

NO M=300 GeV

10 TTTT T T T T T T T rorTT

k4

o w
£ 90
=

1

10

1 I | I

10_1\\\\‘\\\\\\\\‘\\\\
0O 05 1 15 2

o/ v

1 \\\\‘\\\\\\\\‘\\\\
0 05 1 15 2

o/

Rosa-Agostinho,Eboli, MCGG 1708.08456
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At leasttwo neutrinosare massive There is NP

3 scenario Robust determination ofi, 13, M3;,j M5 ]

— large lepton mixing very different from quark CKM

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

More than 3 light states?Not coherently supported by SBL anomalies

What about mass scale and Dirac vs Majorana?
— Only model independent probemf decay m?jUsj* (0:8 eV)?
— Dirac or Majorana?We do not knowanxiouslywaiting for -less decay
— Cosmological effectsNo signal yet

Other NP at play®©nly subdominant allowed. But for NSI

— No hint in present experimen}s bounds on effects at future experiments
— But degenerate solution Dark-LMA not excluded

— Bounds on avoured dark-photon/Z' models

What about a UV complete model which answers?
— Why are neutrinos so light? The Origin of Neutrino Mass
— Why are lepton mixing so different from quark's? The Flavour Puzzle

Answer will require some positive signal in colliders, CLEV. experiments
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THANK YOU
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BACK-UP SLIDES
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‘Summary: Global 3 Flavour Parameters I
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Last decade: after includings ' 9 the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T L LI T T T I_ 12 _I T | T T T | T T T | T T I_

1o %= 88 N S Bt v i g 1o better than 1 agreement
_oF 1 .E 1 But 2 tensionon m%,
> r ] L _

o 8 . N ]
2 1 8ef -
~ & 6 - ] B T
g C ] 4= ]

4 . - ]

23— —f 2 - -

0 :I 111 | 1L 111 | L 11 1 | 111 I: 0 :I 1 1 1 1 I:

0.2 0.25 0.3 0.35 0.4 2 10

.2
sin“q,,
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Last decade: after includings ' 9 the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T L LI T T T I_ 12 [ T T | T T T | T T T | T T T 1
P A N S Bt v i 3 1o better than 1 agreement
0F 1 .E 1 But 2 tensionon m?,
> r ] L _
o 8 - N §
R 1 8ef =
~ & 6 - ] B T
g C ] 4= ]
o - - ]
2 f— —f 2 - -
0 :I 111 | 1L 111 | L 11 1 | 111 I: 0 : 1 1 1 1 1 1 :
0.2 0.25 0.3 0.35 0.4 2 10
sinzq12
Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
In SK/SNO spectrum at global b.f. Ab-n:ska 2055 =[ 31 1:6(stat:) 1:4(sys)]%
orp e N
0.6 ;_ - Borexino ('Be) Borexino (pep) : z’:r:xino s é E
Ny os [ ]
v oal q%
0.3 | [ —— Bestfit (SOLAR only) f
E Best fit (SOLAR + KamLAND)
02 0304 06 i 1a 3 3 a6 1014 4E /AM? (eV™")

E

n
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Last decade: after includings ' 9 the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T LI LI T T T I_ 12 [ T T | LI | T T | LI 1
1o [ e 78 N S Bt v i E 12 better than 1 agreement
—0F 1 .E 1 But 2 tensionon m?,
> r ] - _
o 8 - N §
2 186 -
~ & 6 - ] B T
g C ] 4= ]
o - - ]
2 f— —f 2| -
0 :I 11 | | 111 | | 111 1 | 11 | I: 0 : 11 1 11 1 :
0.2 0.25 0.3 0.35 0.4 2 10
sinzq12
Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
In SK/SNO spectrum at global b.f. Ab-n:ska 2055 =[ 31 1:6(stat:) 1:4(sys)]%
o7E L e a®
0.6 ;— 5 Borexino (7Be) Borexino (pep) : z':r:xino (BB) é -
Ny os [ :
V o q%
0.3 | [ —— Bestfit (SOLAR only) f
E Best fit (SOLAR + KamLAND)
0.2 I | Al ol nlla s

TR B PR T I S S T R PR | PRI | | 79T
02 0304 06 1 14 2 3 4 6 10 14 4FE /AmM? (eV™")

) “hint” of NP in proEagation: NSI?
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AFTER NU2020: With SK4 2970 days data

Slightly more pronounced low-E turn-up Smaller of Day/Night at
AD=N;SK4 2055 — [ 3:1 1:6(Stat:) 14(SyS)]%
Ap=n;ska 2070 =[ 221 111]%

In NUFIT 5.1

) Agreement of m3; between solar and KamLAND at 1
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1and 2 (ZdOf) allowed regiOI’]Sfér s2, = 0:0224 marg ovelj m%j)

) Better agreement in 10O but NO Iregions “touch”
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1and 2 (ZdOf) allowed I’egiOI’]Sfér s2, = 0:0224 marg ovelj m%j)

) Better agreement in 10O but NO Iregions “touch”

Parameter goodness-of-t (PG) test:

normal ordering inverted ordering
2.=n pvalue # 2.=n pvalue #
T2K vs NOVA ( 15 free) | 6.7/4 015 14 | 3.6/4 046 07 No signi cant
T2K vs NOVA ( 13 X) 6.5/3 0.088 17 | 283 042 08 Incompatibility
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‘ Leptonic CP Violation I

LeptonicGP ) P | 6 P |

P P [/ J with J=Im(U U _UyU )= cpsSin cp

J&ag;cp = %C13 Sil’]2 2 13 Sil’]2 2 23 Sil’]2 2 1o
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‘ Leptonic CP Violation I

LeptonicGP ) P | 6 P |

P P [/ J with J=Im(U U _UyU )= cpsSin cp
MaX. op = £C13 SIN“2 13SiN° 2 23SIN° 2 15

Maximum Allowed Leptonic CPV:

NO, IO | NuFIT 5.0 (2020)
— I . p =(3:29 0:07) 1072

to compare with
Jckm ‘CP = (3 :04 0221) 10 °

| I B L
15

Dc2

[E
) o
|IIII|IIII|

) Leptonic CPV may be largest CPV
iIn New Minimal SM

lIIl|IIIl|IIII|

el
OrrT T 1T
w
o
o
w
N

0.034 0.036

I C o e s &2 s If sin cp not too small

CcP 12 712 723 723 713 T13
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‘ Con rmed Low Energy Picture and MY List of Q&A I

» At leasttwo neutrinosare massivg There is NP

« 3 scenario Robust determination of», 13, mM35;,j M35 ]
— large lepton mixing very different from quark CKM

— Mass ordering, o3 Octant, CPV depend on subdominant&fects
) not statistically signi cant yet
) de nitive answer will likely require new experiments

 More than 3 light states?Not coherently supported by SBL anomalies

* What about mass scale and Dirac vs Majorana?
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‘Neutrino Mass Scale: Decay I

Single decay : Diracor Majorana mass modify spectrum endpoint

K(T) X

Purely kinematic3 Only model independent probemass scale

KATRIN: m . 0:8eV (at90 % CL)
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‘I\/Iajorana or Dirac: O Decay |

0 ) Lviolation, Majorana If m only source of L
p
0 ! 0 2 2
n T1:2 = G" My Mee
w T ©
s X
W . :
N thjj € Mee = ] Uer mj |
p

At present only bounds
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‘Lightmassive In Cosmology |

Relic %: Effects in several .cosmological observaﬁions at seve@atiep
4

Mainly via two effects: , = 1+ ! 4 Ne and . m
8 11 i |
Primordial Cosmic Microwave Large Scale
Nucleosynthesis Background Structure Formation
BBN CMB LSS
T MeV T. g\v
Number of % (N¢ ) Ne and m

BUT: Observables also depend on all other cosmo parametersgasmahptions)
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‘Lightmassive In Cosmology |

Relic %: Effects in several .cosmological observaﬁions at seve@atiep
4

Mainly via two effects: , = 1+ ! 4 Ne and . m
8 11 i |
Primordial Cosmic Microwave Large Scale
Nucleosynthesis Background Structure Formation
BBN CMB LSS
T MeV T. g\v
Number of % (N¢ ) Ne and m

BUT: Observables also depend on all other cosmo parametersgasmahptions)



‘ Probes of Mass Scale in 3-mixing r'G ”

Single decay : Pure kinematicdDirac or Majorana 's, only model independent

8
KM X <
m2 = m_2j Uej j2 — NO: m?+ m3cissi, + m3siy
J

I0: m?+ m3;ci,s%, M3, Cis
Present boundn _ 0:8 eV (90% CL KATRIN 2022)
Katrin (20XX) Sensitivitytom _  0:2eV

-less Double- decay:, Majorana %
p

If m only source of L: (T2,) = G° M3y mZ
ﬂ X
n . .
————— @ mee — J LJezJ mJJ

WA e ¢ = CaCmi€ *+ c3simp€ 2+ sjymge ! cP
n
ﬁ =f (m-; order, maj phases)

Present Boundsng. < 0:04 0:5 eV

=

8

X < P 2 P 2 2 P 2 2
COSMO for Dirac or Majorana mj= NO, Mip matmitl m5am
m affect growth of structures 10 mZ+ mZ, m% mZ+ mZ, m?




Neutrino Mass Scale: The Cosmo-Lab Connection}*®

L . P
Global oscillation analys)s Correlationan _, mee and  m ( Fogli et al(04))
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\Neutrino Mass Scale: The Cosmo-Lab Connectionl”b

L . P
Global oscillation analys)s Correlationan _, mee and  m ( Fogli et al(04))

— Lower bound on m; depends on ordering

Width due to rarl}ge In oscillation parameters very nar‘m\

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

A4




Neutrino Mass Scale: The Cosmo-Lab Connection}*®

L . P
Global oscillation analys)s Correlationan _, mee and  m ( Fogli et al(04))

)

Lower bound on m; depends on ordering

Precision determination/bound of m; can give infor-

mation on ordering ?
Hannestad, Schwetz 1606.04691, Simpson etal 1703.0344502Ci

etal 1703.04471 ...

-~ Cosmo data will only add to N/I likelihood

when accuracy onm Dbetter than 0.02 eV

(to see a 2 N/I difference between 0.06 and 0.1)
Hannestad, Schwetz 1606.04691
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\Alternative Oscillation Mechanisms I

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

4 E
m?2

— Difference phases of propagation stgtesVavelength For m?-OSC =
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\Alternative Oscillation Mechanisms |

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

4 E
. . 2 _
— Difference phases of propagation stgte®Vavelength For m<-OSC = -~
masses are not the only mechanism for oscillations
Violation of Equivalence Principle (VEP&asperini 88, Halprin,Leung 01 = =
Non universal coupling of neutrinos 6 » to gravitational potential I
Violation of Lorentz Invariance (VLI)Coleman, Glashow 97 = 2
2
Non universal asymptotic velocity of neutrinosé c, ) E; = ”;—F') + Gp E c
Interactions with space-time torsiogabbata, Gasperini 81 — 2
Non universal couplings of neutrin@és 6 Kk, to torsion strengtk) Q k

Violation of Lorentz Invariance (VLIXolladay, Kostelecky 97; Coleman, Glashow 99
2

due to CPT violating terms:, b ,) Ei=% b _ 2
b
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\Alternative Mechanisms vs ATM 's |

Severly constrainedMCG-G, M. Maltoni PRD 04,0Y

0.6 F -
- 4+ SKsub-GeV (M}

0.5 Lot 0.4 . :
-1 -05 0 0.5 1 -1 -05 0 0.5 1
11— ———————————7———— 14 T T T T T
09F B EE R +
112
0.8 3 : '
07717 ; . 4 1f
g N St i
0.6 - - 3 i
: [ 108 .
05F | 3 i ]
g SK stop (M1 i SK thru (n) |
0.4 e v e e e g 0.6 P I IS NS T U TS
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T R
[ | —— Oscillations
[|==—- VLICPT even
-J [|-—-— TORSION

|
109
108
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_____

SK multi-GeV () 1

cos q

cos q

At 90% CL:

I 9 15 10#
C
j j 59 10~
jQ kj 48 10 * GeV

i b 30 10 = GeV
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COHERENT EXPERIMENT
Science 2017 [ArXiv:1708.01294]




NSI: Combination with COHERENT data [

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

COHERENT has detected for rsttime Cohereht scatteringl708.01294
142(1 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1 0.25(sys) beam-on bck) expected

In presence of NSNng (") = f Q2. (M) +(f +f )Q2 ()
h I 5

2 Z(g;/ +2"UV 4 "d;V)+ N(QX + "uV +2"d;V) 2+ . Z(2--U§V + nd;V)+ N(nU;V +2..d;V)

w
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NSI: Combination with COHERENT data [

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

COHERENT has detected for rsttime Cohereht scatteringl708.01294
142(1 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1 0.25(sys) beam-on bck) expected

In presence of NSNng (") = f Q2. (M) +(f +f )Q2 ()
h I 5
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Impact on LMA-D: Allowed COHERENT region vs LMA-D requirecnge
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