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Neutrino oscillations

Omar’s talk
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Neutrinos
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Oscillation parameters

de Salas, Forero, Ternes, Tortola, Valle (2018)

parameter hest fit + 10 20 range 3a range
Am3z; [10776V? 7557050 T20-7.91 7.05-8.14
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Oscillation parameters

de Salas, Forero, Ternes, Tortola, Valle (2018)

parameter hest fit + 10 20 range 3a range
Am3; [1073%eV 75070 720794 7.05-8.14
|[Ami; | [1077eV® (NO) 2504003  2.44-257  2.41-2.60
|An3, | [1077%V? (I0) 2427007 234 247 2.31-2.51
sin? @2/ 107" 32070% 2.89-3.59 2.73-3.79
012" 345110 325 368 315 38.0
sin® 027/107* (NO) 547705 467 583  1.45 599
O23/° 47,742 43.1-49.8  41.8-50.7
sin® 043 /107" {10) 551.037  4.91 584  4.53 598
B /° 479114 445489  42.3-50.7
sin® B /10 % (NO) 2,160 2882 2.03-2.34  1.96-2.41
Bia/° 8.457 018 8.2-8.8 5.0-8.9

sin? 614 /107% (10) 2220 pore 2.07-2.36 1.99-2.44
0i2/¢ 8537014 8.3 8.8 8.1 9.0

5/ (NO) 12170% 101 1.75  0.87 1.94
3/° 218173 182 315 157 349
8fm (10) L36.01%  1.27-1.82  1.12-1.94
5/° 281148 229-328 202-349
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Oscillation parameters

de Salas, Forero, Ternes, Tortola, Valle (2018)

parameter hest fit + 10 20 range 3a range
Am3z; 10776V 7070 720791 7.05-8.14
|Ami, | [1077eV® (NO) 2504003 2.44-2.37  2.41-2.60
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PDG (2018)
0.97446 = 0.00010 0.22452 +0.00044  0.00365 + 0.00012
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Three ways to test

2
Beta decay myy = [elzclam? + clzsTams + .513m3]

*Majorana neutrinos

Neutrinoless double beta

Decay
. 4

2 2 2 2 i
mgg = [C]3CaMMy + 1487022 + s7mset??

Cosmology 2 = my + Mg + Mgy
N
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Meroni, EP (2014
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small (¢ effective?) coupling

Restrepo’s

¢

Big coupling

Rodriguez’s
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small (¢ effective?) coupling

Restrepo’s

Dowitie beta cecay)
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¢ The simplest effective source of Majorana neutrino masses dim 5 Weinberg
operator

Weinberg, S. (1980)

1
L=Lsp + —

AL

L5 =LLPD AL =2

Schechter, Valle (1982)

iP

3rd COMHEP E. Peinado




¢ The simplest effective source of Majorana neutrino masses dim 5 Weinberg
operator

Weinberg, S. (1980)

L::L:SM—I_A

Ls

L5 =LLPD AL=2

¢ Implications? d— > 'e > >

Schechter, Valle (1982) W W
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Seesaw Majorana

2®2=1+3
type | seesaw
LHN 2®2®1
type |l seesaw
LAL 203 ®:2
type lll seesaw
LHY 203X 2

iP
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Seesaw Majorana

202=1+3  (@x (@)
type | seesaw —> 5 > ;ﬂi “—
LHN 2®2® 1 o e
type |l seesaw YA
LAL 2R 3R 2 o E<V
type lll seesaw e
293® 2 SRS
LHY L/:;:\L
iED o — é%



Seesaw Majorana

2®2=1+3
type |
My
type | —
v ik
M,
typell
LHY 203K 2
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Seesaw Majorana

Inverse see-saw

¢ New features emerge when the seesaw is realized with non-minimal lepton
content (Isosinglets) SU(2) singlets: (v:,S)
transforming as

freld L
N —1
S, +1
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Seesaw Majorana

Inverse see-saw

¢ New features emerge when the seesaw is realized with non-minimal lepton
content (Isosinglets) SU(2) singlets: (v:,S)
transforming as

weld L i _
fu- +1 0 YVT (D) 0
N -1 Mu=|YV(@® o M
S; +1 0 M mo

T

?ﬁv
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Seesaw Majorana

Inverse see-saw

¢ New features emerge when the seesaw is realized with non-minimal lepton
content (Isosinglets) SU(2) singlets: (v:,S)
transforming as

weld L i _
/ v 41 0 Y/ () 0
N -1 Mu=|YV(@® o M
S; +1 0 M ©o]

violates L in 2 units

ijS:5; mass terms
smallness of neutrino mass is related to the
smallness of the parameter mu “natural” in

the sense of 't Hooft

my -0 as pu—0

= 3 t’Hooft, G. (1982) ér.p;fm
i é)-..‘%
/ B e e e e B e e e T e e e P e At e e e o e o P ey B ‘._

3rd COMHEP E. Peinado g

4



Seesaw Majorana

Inverse see-saw

¢ Ne mal lepton
col ) P /!
tra \ /
\ /
\ /
\ /
> 0 7]
v S S v°
Mt
v v g

violates L in 2 units

is related to the

. 1 B | o
mylnverse — MDMT “M lMIJ; r mu “natural” in

dooft
Ty

& PHooft 3 (1080)

in the limit as . — 0 the lepton number symmetry is restored,%




Radiative mass generation
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Zee model
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DM stability

{1’23%}¢'

vV =

.

¢

+1

Deshpande and Ma (1978)

77(?72)

Y
—1

T d + ppn'n + Ai(o70)? + Xa(n'n)?

+ A3oTonTn + MadTnnTo + As(@Tnetn + h.c)

EWSB
IF’
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DM stability
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s for all stable particles in the Standard Model! >
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DM stability

s for all stable particles in the Standard Model! >

SM + scalar i

Symmetry
Z> + -

NalHy 2o |? 1 AuHTH 1 [(Hfﬁz)z | h.c.]

Higgs portal

o
SR
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A. Zee (1980)

rrt g [ “scotogenic” ]
Radiative * + = Ma (2000)
see-saw \ . P ‘
b ) ¢
. 2 _
U o - = ‘”
4 S
& .
4 S
#%
L N N .
If M >>mé, then

, \ Az? hiha ME
(M,); = R {ln |

-y .’.' ’ n - gyr-
&nt 4 M; 1]
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TBM from A4

Altarelli Feruglio (2005)

{$")=(1,0,0)

($=(1,1,1)
z/ N,

2 T 1 i
m = y r+4+v y-—v
y y—v r+v
V A4 completely
/ broken

Ve, =U; U,=TBM

Large neutrino VXN

mixing ” Misalignment
T i

g,a,
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TBM from A4

Altarelli Feruglio (2005)

{$"=(1,0,0)

(¢>:111/ \

tri-maximal bi- maX|maI 2 (,r I if )
nm =

y r4+v y-—v
y y—v r+vuv

Harriso, Perkin, Scott ‘ l MV A4 completely
U HPS = ( )

—1/v/6 1/V3 —1/32 o+ B

Large neutrino VEXON

mixing ” Misalignment

lep

’ - T ;’r:“
I F | é‘)-.'s
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Stability from flavor symmetry

D1
o= | @2
3

iP
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EW scale breaking

Hirsch et al (2011)

Seesaw scale breaking

M. Lamprea and EP (2016)
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Seesaw estabilidad de DM y simetria

iP

M. Lamprea and EP (2016)
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Seesaw estabilidad de DM y simetria

M. Lamprea and EP (2016)

L, Lu L.\ lz 5 |[N7 | Nyg | N5 || I 0,
SU(2) 21212111 1111 1 1 1| 2
Ay 111”771 1”111 3 1 (17 ] 1 3
<¢> — (17070) A4 — ZQ

m(®) =

iP

(aOb\

00 ¢

\bcd)
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Frampton, Glashow ,Marfatia
Merle, Rodejohan

Xing, Fritsch

Ludl, Morisi, Peinado
Meroni, Meloni, Peinado

Two zero-texture B3
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Tridente

de Salas, Forero, Ternes, Tortola, Valle (2018)
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More on A4 stability

Ferro-Hernandez, Garcia de la Vega,EP (2018)

L.|L, L.|Nj|Ns|Neutrino Matrix| Type
X 0 X
11”111 0 0 X B3
X X X
X X 0
11”11 1" X X X
0 X 0
0 0 X
1”11 11|71 0 X X
(X X X)
0 X 0
1”1 1|1 |1 X X X
0 X X

zero Qv
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More on A4 stability

Ferro-Hernandez, Garcia de la Vega,EP (2018)

A4%ZQ
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Fermionic DM in the Scotogenic

Vicente and Yaguna (2014)
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Fermionic DM in the Scotogenic
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Bonilla, Lamprea, Lineros, de la Vega, Peinado (2018-20197?)
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Dirac neutrinos and DM stability

Bonilla, Ma, EP, Valle (2016)
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Dirac neutrinos and DM stability

Bonilla, Centelles-Chulia, Cepedello EP, Srivastava (2018)

Dirac or Majorana

Zm = Zap withn € Z7

Neutrinos are Dirac particles

Zn = Zo, withn € Z7

Neutrinos can be Dirac or Majorana
( vy, ) ~ w" under Z,, = Dirac Neutrinos

~ w" under Z,,, = Majorana Neutrinos

L= I

Restrepo’s talk
Anomaly free
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Dirac neutrinos and DM stability

Bonilla, Centelles-Chulia, Cepedello EP, Srivastava (2018)

DM stability
Fields| SU(2). ® U(1)y | U(1)p-1 Zs m = 2n A 7
| L | @-12) 1 - Uz 1 e, 9 4, 46, ---
-E VR, (1,0) (-4, -4, 5) ||(w*,w*,w?) n >
LE’ Np, (1,0) 1/2 w®
Ng, (1,0) -1/2 w®
TH (2,1/2) 0 1
% X (1,0) 3 1
s n (2,1/2) 1/2 w
I3 (1,0) 7/2 w
(H) (0) -, X (3) (H) (1) ROEEY
“ P "~ -
n (1/2),% wg (7/2 S5B n (w)” % § (w)
L(~1) ' Ng (~1/2) - N (~1/2) ' ve (~4) L (:J'] Np ?w“) - N, Eh.'b) vp Ew")
(a) General U(1) - chaige assignament., (b) Geneial remnant Z, chage assignancnt.,
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http://arxiv.org/abs/arXiv:1812.01599

Dirac neutrinos and DM stability

DM stability

Fields|SU(2), ® U(1)y| U(1)s-1 Zs
2 || L (2,-1/2) 1 w?
-E VR, (1,0) (-4, -4, 5) ||(w*,w*,w?)
:E’ Ny, (1,0) 1/2 w®
Ng, (1,0) -1/2 w®
| H (2,1/2) 0 1
3 x (1,0) 3 1
gl 5 (2,1/2) 1/2 w
13 (1,0) 7/2 w
(H) (0) ~ X (3)
“ '/"
n(1,2)# w g (7/2 SSB

L(~1) Ng(-1/2) Np(-1/2) wp(-4)

(a) General U(1) -1 chaige assignanent.,
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Bonilla, Centelles-Chulia, Cepedello EP, Srivastava (2018)
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More details in arXiv:1812.01599
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http://arxiv.org/abs/arXiv:1812.01599

Dirac neutrinos and DM stability

Bonilla, Centelles-Chulia, Cepedello EP, Srivastava (2018)

o =T SSB_
K AUNT W (z) B—=L—2Z,
I, Nm {L Vi Ny ; Ny, ¥n
(1) (z1) + (&) () o () ()
X141 x:(4)
(a) General (/(1)z—, charge assignment. (b} General residual Z, charge assignment.
If SM leptons even power If SM leptons odd power

Scalar DM transforming as odd

DM (F or S) transforming as odd Automatically stable

Automatically stable

Fermionic DM transforming as even
Automatically stable
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Conclusions

]It is possible to link DM with neutrino physics
[J Neutrino mass generation and DM

[ Oscillation pheno with the stability

[] Neutrino nature with DM stability (and the

smallness of neutrino masses)
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