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MODELO ESTANDAR DE LAS

PARTICULAS E INTERACCIONES ELEMENTALES

Constituyentes de la materia Mediadores de fuerzas
FERMIONES espin = 1/2, 3/2, 5/2, ... BOSONES espin=0,1, 2, ... ,
N ( QUCH'I(S EIectrodeblI Unificada espin = 1 Fuerte (cqlor) espin = 1 |

Leptones espin =1/2 espin =1/2

Masa Carga Masa Carga
Nomb
Masa o ombre | Gevic2 | eléctrica Nombre | =ovie2 | eléctrica
Sabor Carga Sabor aprox arga
eléctrica GeV /c.2 eléctrica v

neutrino* -9
ligero (0-2)x10 up 0.002 213 wW- 80.39 Bosén de Higgs espin =0 |

electrén 0.000511 down 0.005 -1/3 Masa Carga
W+ 80.39 Nombre GeV/c? | eléctrica

bosones W

P (0.009-2)x10™ cham | 13 | 23 o

muon 0.106 strange 0.1 -1/3

91.188 H 125 0
bosén Z

i (0.05-2)x10™ top 173 2/3

T tau 1.777 4.2 -1/3
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FERMIONES espin = ¥/2, 3/2, 5/2, ... BOSONES espin=0,1, 2, ... ,
N ( Elecirodebll Unificada espln = 1 Fuerte (color) espin = 1
Leptones espin =1/2 Quarks espin =1/2 , A |
p P P Nombre Masa Carga Nombre Masa Carga
Sab Carga Sab Masa Carga GeV/c? | eléctrica GeV/c? | eléctrica
abor N abor aprox. A
eléctrica GeV/c2 electrica ¥ ) 5 '
neutrino* -9 Lzl
ligero (0-2)x10 up 0.002 213 wW- 80.39 Bosén de Higgs espin =0 |
electron 0.000511 down 0.005 -1/3 W+ v Nombre Gr\g?/s/zz el%?:ﬁia
neutrino* -9 bosones W
mediano  (0-009—2)x10 charm 1.3 2/3 20 e H 125 .

bosén Z

muon 0.106 strange 0.1 -1/3

ggggg?* (0.05-2)x10 > top 173 2/3

T tau 1.777 4.2 -1/3 Mecanismo de
Higgs
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Barion Asymmetry

A

Standard Model

A

Leptogenesis

KeV-sterile

> | Dark Matter

A

Scotogenic

Neutrino masses

G,
N

Majoron etc...
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Dirac Fermion mass

BV = m (T Y + E W)
SMis chiral . # e
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3 Fermions weigh in

fermion masses
dre sreé be

U re Ce te
Vi —eieV, 0V3 €eo Le Te
N I I [ I [ S Sy N A A MO B
ueV meV eV keV MeV GeV TeV

H. Murayama, Physics World 2002

m, ~ 107m, ~ 10™m,
m, ~ 107'm_~ 107m,

m, ~ 10_3mﬂ ~ 107%m,

Am321/ Am221 ~ 3()
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L=iLl, DL, +i Q. PO, +il gDl g

1o = 1
+ig 2 PaR +iq%Pa% ZF,W-F’“’—ZBMB’”

+ (D,®)" (D*®) + p2dTo — 2 (CDT<I>)2
(Y L, @l + YT o L;L)
(Y 0 ®af+YE aR ot 0,,)

VY 0 (020" aff + V.5 4k (—i @7 02) O, )

Fermion masses:

Me D MeV
My 4.8 MeV
My 2.3 MeV
my, 105 MeV
Mg 95 MeV

Me 1.275 GeV
m, 1.776 GeV
my 4.18 GeV

; 174 GeV
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CMS Preliminary 138 fb~' (13 TeV)

E>|> 100;[[ I | 1 IIIIII I 1 1 IIIIII 1 I ll]llll tl )
T / > E my = 125.38 GeV W'Z/a/ég
L=iLl, PLy +i QW PQyy +ill g Pl X [ pow = 0.12 i
1 I I vV 1 Vv i |
+iqly @%R +iq R Pa k ZF;w - FR— ZBMB” 5 101 - -
+ (D,)" (D*®) + pPoid — 2 (cb*cb) S ' ]
(N - |
4 -2 ]
(Y L;L <Dl;,R + Y'l* l’ of L;L) 10 g O Observed =
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-3 —— SM prediction
(Y’U , (io®* )CI + Yo',g* q;,%( —i®"0y) Q:,L) 10 = M mm Vector bosons E
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5 | T
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— _— | 1.0 1
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Tree-level neutrino masses (Majorana)

2®2=14+3
Type-| feesaw 29920 1
LHN
Type-ll seesaw 2939

LS AL

Type-lll seesaw 2% 3% 2
LHZX
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Type | see-saw

SM+n > 2 RH sterile neutrinos

N: {110} 1':E?L+I?I+N7N~
- o5 Lipds - 95 LN,
B-L mnoma'b - Cree N=23 "o ’
-MREN; t ke
w  boss
V= (L, N9 . o
I~ Ve Y R g (HY L
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Type | see-saw

SM+n > 2 RH sterile neutrinos

{1, 1 0} = LPLe IPr+ NPH
-0 LAy - 9 LN

B-L OANNO ™A '5 - Cree N=23

%) Lu.))\
V= (L, N > o
Yl oem v : 7 CH> LWy
e (f‘“m UV ! :
Mo 94y M / ;
(\9'\\’52
Iy
) § M, ~ e . N M~ 0 GeV
'S
M > (HS o ro 0.l eV
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Type |l see-saw
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One-loop neutrino masses

Zee model

|ndevachion = ffe{1,1,+1l
Je = T=o Y= ' \
re, TP EW A

p .y THL—T L - TR/ 1,

« K
\
CHY LY :
— yd L
y _,\_ . - - *
, .7 . B
NN 1
) > ‘
\ s (
N \
/ \ I
vb 2 L : ﬂ R Vl_
I
H
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Two-loop neutrino masses

/ee-Babu model

| ndevacho n = rtr?{iflf”l
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_ — 44 Lo L
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Scotogenic neutrino masses

<€,
_ .
N:{1,1,0f -} oy HL- FTAN- M - ns oYk s
(L'{i 2/ \/A —1 '\'lg‘ H*H']TVL
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Scotogenic neutrino masses
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Flavor Symmetries

To explain quark masses and mixings

m
1. = d Cabibbo (1963)
C Gatto Satori, Tonin (1968)
ms
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Flavor Symmetries

To explain quark masses and mixings

1
Wilczek and Zee (1977) gaktva_siga;gd Sugawara(1978)
Weinberg (1977) artori(1979)
Wyler(1979)
3 2

Cabibbo (1963)
Gatto Satori, Tonin (1968)

Small mixing angle
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Flavor Symmetries

Massive neutrinos
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Breaking FS

Neutrinos
G/
UTBM
G

UBM

G//

Charged leptons
Large SOlar and atmospheric Small reactor 03 ~0

Correlations m, —0;;
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tri-maximal bi-maximal

Harriso, Perkin, Scott

J27/3 1/J3 0
Upps = | —1/4/6 1//3 —1/4/2
—1/V6 1/V3 1/4/2
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S and T S?=T3=(ST) =T

1.1, 1" and 3

1 S=1)T=1 ]
1/ S=117= 62—17/3_ 2 1 1
[1" S=1)T == =1 0 o'=11
0 1
1 0 0 O 1 0
S=10 -1 0 T=1|(001 S¢ = ¢ T¢ = ¢
0O 0 —1 1 0 0
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Altarelli-Feruglio
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DM stability

Instead of breaking A4 in two different directions
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DM stability

Instead of breaking A4 in two different directions

DM Stability
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DDM

Lo | L, | L, | E ]I |12 [Nr | N, 1
SUY[ 2 [ 2 [ 2111 1 >
A | L[ U1 1117|353 ]1 3
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DDM

SUR) | 2 | 2 | 2

(n) ~ (1,0,0)
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DDM

Le | L, [ L, | E 15 [ 12 [Np | Na| H] 7
SUY[ 2 [ 2 [ 2111 I | 212
L |V [ [ 1|V [31]1]3

(Tl\ ( T, \
~ (1,0,0 " I
() ~ (1,0,0) Ky r
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DDM

(N
(NN}
(NN

SUE)

ZZ
(Tl\ (Tl\
~ (1,0,0 i’ I
() ~ (1,0,0) Ky r

Only 2 active RH neutrinos

Myiopr = 0
E. Peinado
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DDM

Inverted mass order

y ab ac
ac bc ¢ 1
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1 I 0 O
(n)N(O) S=<O —1 O)
0 0O 0 -1
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1 1 0 O

Hy
H— _Hg L
(o, + Ho+i4dg)/v2 )" ™=\ (v
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DM annihilation channels

Hy [ Hy f Hy
) ) A
S S N
A ) )
S S S
N . N y: N
. H. Hy . A . 7
* ------- > -------
s s s
’ 7’ ’
’ 7’ ’
’ ’ ’
s’ . 7’ _ ‘ s -
Hy ,* fooA fooA f
Hy W Hy zZ
~ ~
~ ~
~ ~
~ ~
~ ~
. ‘,ﬁ
[ H W '
' Mo '
"ot . '
g 22 ~\ g A2
1 > I
Hy | W+, z ' e '
TSel H. Hy P e ,')I/'q""q"’L
D 7’ r 4 s
e s ” '
l' ’ N P ,I
Hy 7 w-.z Hy -7 W= 1, - W— Hy - Z
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DDM predictions
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DDM predictions

10738 ¢

1037 XENON

DAMA 100

10_41

Sl [cm”2]

10~ %

sigma

10°*
10—45

COGENT a6
10

10~48 RPN < . - .
10

DM Mass [GeV]

.= Direct Detection
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FiXing 613

Not only with A4 but D4 the prediction
IS small or zero reactor mixing angle

Solution: breaking A, at the seesaw scale

Predictions: Different zero textures
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A, beaking at the seesaw scale

P NN
¢ =\ o
¢s

N5N, ¢ N§Ns¢p
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u L, Ny N5 Neutrino matrix Type
1 1” 1 1 1 X 0 X B;
0 0 X
(X X X )
1 1” 1 1 1” X X O B,
X X X
0 X O
17 1 1 1 1 0 0 X Ay
0 X X
X X X
17 1 1 1 1 0 X 0 A,
X X X
( 0 X X )
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L, L” L,| g lz IS Ny | Ny | N5 || H\|n|o
SU(Z) 2121|211 1|1 1 |1 2 |2
Ay 1 (11”7 11”131 1111”|1/3|3

<¢> — (17070) A4 ? ZQ

Two zero-texture B3

Frampton, Glashow ,Marfatia
Merle, Rodejohan

Xing, Fritsch

Ludl, Morisi, Peinado
Meroni, Meloni, Peinado

metcccemmstER@T
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Lamprea, EP (2016)

B3 two-zero texture NO & IO @ (30 & 10) B4 two-zero texture NO & IO @ (30 & 10)
0.58 N 0.58 NO
0.56 0.56
3 0.54 < 0.54
e 0-52¢ —3 ] “t 0.52
@ : . = ] @ : L+
0.50, | Eg 1 0.50} = ]
s | ] 3 - 5 :
0-48: | §+ ] 0.48) l Ef ]
0.46 NO | ] : E Q IO ]
: : ] 0.46+ : ]
0.05 0.10 0.15 0.20 0.25 0.30 0.05 0.10 0.15 0.20 0.25 0.30
Zm,[eV] Im,[eV]
B3 two-zero texture IO & NO @(10 & 30) B4 two-zero texture 10 & NO @(10 & 30)
1 1-
107" KamLAND-Zen 107" KamLAND-Zen
© = ° = E
10-2 tOE! 102 -
: e k| : e k|
g < 3
N -
1073 102 100 1 1073 102 107 1



L mass hierarchy

Charged fermions hierarchy

o o © © @S
o © ®© © @ _
oo o © o0 T
e o *w .
oo © © © @ o

One mechanism for each scale
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Minimal A4

Le|L,|Ly |1l |1, |1l |Np|H|n
su@2)| 222|111 2 |2
Uly|-3|—-35|—-3|-1|-1|-1|0 |33 /’vm\
0
A, |11l 3]1]3 n”y =10

\ 0

Only Ny is active

Rank-1 matrix
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Bonilla, Herms, Medina, EP (2023)
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The same Yukawa couplings

2 v
S -
2 Neutrino Masses (NO)
Am?)zl ~ Seesaw (tree-level) H . N 19 7’]1
v, )
| Am21 ~ Scotogenic (one-loop)
2 =
n-;zz

Ny, N3, 1, 13
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CP-violation in the scalar sector is

necessary to fit lepton mixing

M2, 0 0 0
0441 )
o 0 M3, 0 0
neutral — 0 0 M2 M2
L H! CcPV

o0 My a,
.. 2 nl . 2 nl CP
S1n (912 S1n (923 )

p) p)
Am21 Am31
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Conclusions

] The minimal DDM model naturally explains DM
stability and explain the hierarchy in the neutrino
sector

] The Higgs potential needs to violate CP

[] The model is severely constrain and can be ruled

out soon
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