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Neutrino mass mechanisms

The Seesaw mechanism [Minkowski,77]

[Yanaguida,80]
[Mahopatra and Senjanovi¢ ,80]

¢ Explains the lightness of neutrinos et v 50,
e Introduces Heavy Neutral Leptons N¢
¢ Introduces a new physics scale! (LNV)

| L EW
<§> <§> SE(A\Q
. M

v cale
e



https://www.sciencedirect.com/science/article/abs/pii/037026937790435X?via=ihub
https://academic.oup.com/ptp/article/64/3/1103/1911881?login=false
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.44.912
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.22.2227

Neutrino mass mechanisms

The scotogenic mechanism Ma 2000
e Additional 7, symmetry and new 1so-doublet

e Dark Matter generates neutrino mass.
N‘~—-1, n~—-1 under 2,
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.077301

The Flavour Puzzle
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e The £ sy 1S built to be
invariant under

SU3). ® SU2).L @ U(1)y.

Electroweak Sector

e The SM gauge group 1S
seneration blind,
preserves full flavour
symmetry



The Flavour Puzzle

e Yukawa interaction 1s not based on the gauge
principle, and in the SM breaks flavour symmetry

Yeee }/ee,u YeeT
_Yez]L_zé Pe, L. y, = | yie ym ypT
Y;re Ye”',u }/67'7'

¢ The CKM matrix and the PMNS matrix translate
flavour symmetry breaking to the gauge sector
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The Flavour Puzzle

22 out of the 27 parameters of the SM are 1n the
Yukawa sector. Not constrained by symmetry
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https://www.worldscientific.com/doi/10.1142/S0217751X14300671

The Flavour Puzzle

e In the lepton sector: Neutrino Oscillation Parameters

4 3

v, I sin“@,, sin*6@,; sin* 6.,
NO

Neutrino Global Fit (Valencia)

5CP

e Two orders of magnitude hierarchy Am32 1 =>> Am22 1


https://globalfit.astroparticles.es/2018/02/09/empty/

Flavour Symmetry

e Flavour symmetry at high-energy regime.

SU@M).® SUR)L@U(L)y @ G.

Flavour
e Constraining, or relating the Yukawa coupling structure

G SO0 > Vexn, U, Mass Hierarchy.

S~ "

Symmetry Flavour Observables

e An appealling option are Discrete and Non-Abelian Groups



Flavour Symmetry

e The A, group

Ay ~ {S,T 152 = T3 = (ST)2 = 1},

Four Irreps.
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Flavour Symmetry

e The A, group

Ay ~ {S,T 152 = T3 = (ST)2 = 1},

Four Irreps.
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https://indico.scc.kit.edu/event/2673/contributions/11742/

The Discrete Dark Matter Model

| Neutrino Masses §
| (Majorana) |

Flavour Puzzle | Dark Matter
(lepton sector)  § (candidates)




The Discrete Dark Matter Model

¢ Fields and Symmetries (Lepton sector only)

¥ X

[Hirsch,2010]
[Boucenna, 2011]

Le | Ly |Lr|le |1, |l |Nr|H]|n
SU2)2 |2 |2 |1 |1 |1]|1]2]|2
Ul)y|—3|—2|—3|-1]-1|-1] 0|32 |3

Ay 11”1} 111"} 31]1]3
RH-Neutrinos Scalar 1so-doublets
NT — (N19 N29 Ng) H = (7]19 7]2? }73)

Mass degenerate 171 N


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.116003
https://link.springer.com/article/10.1007/JHEP05(2011)037

The Discrete Dark Matter Model

¢ Yukawa Lagrangian invariant under A 4
LG veawa = YeLeleH +y, Ll H + y. L1, H + H.c.

Lyiawa = Y1 Le[NT 11 + y5 L[N 0] + 5 Lo [Nr iy + My [NfN1]1 + H.c.



The Discrete Dark Matter Model

¢ Yukawa Lagrangian invariant under A 4
LG veawa = YeLeleH +y, Ll H + y. L1, H + H.c.

LT\)fukawa ?le [NT 77]1 ?jg [NT 77]1 +y3L [NT 77]1' + My [N_’_%NT]l + H.c.

e Electroweak and Flavour symmetry breakdown

<HO> =vy 7 0, <771> = vy, 7 0, <77(2),3> =0,

SM Higgs couple to charged
leptons

(ye O 0\

vHYZH:vH 0 vy,

\0 0 yT/




The Discrete Dark Matter Model

 Remnant /Z, symmetry from A 4

- 1 0 0
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Active Sector Dark Sector



The Discrete Dark Matter Model

e The Active Sector
N,, H, n

: H* HI*
H = X y T = ! .
(op + H -+ iA4) /3 (g, + H} +i40) V2

° (rank 1 matrix)
174
yrvng, 00 p2 [VEuE wivE uius
_ Tr V.U VY, VY,
mp — ygvm 0 0 m, = ]\72 Y1Ya Ya2Ya YoYs
y5vy, 0 0 Y1Ys Y293 Y3Ys



The Discrete Dark Matter Model

e The Dark Sector

Ny, N3, 15, 13

B Hé—l— B Hé—l—
= (Hy+1iA)/vV2 ) G (HL 4 iAL) /2

¢ Scotogenic mechanism (rank 2 matrix)

0 yYw? 0 00 yjw
YR =10 w 0], Y*=100 u;
0 ysw 0 0 0 y§w?



The Discrete Dark Matter Model

o Active fields (Tree level) Ny, H, mn
(’l> Active <“(l>

Tre
F e R
Y (KanK i\ Y
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e Main contribution to:

2 |
A m (Normal Ordering)
31




The Discrete Dark Matter Model

e Active fields (one-loop) N,, H

SRR RN,

A(}ivc y K Onc-\oov
- VN
log T 4T
’:‘ \ 3 (P\Qr\“ i\
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e Main contribution to:

2
A m (Normal Ordering)
31



The Discrete Dark Matter Model

A m (Normal Ordering)
21



The Discrete Dark Matter Model

® Scalar Sector A4 invariant (plays crucial role)

2
V(H,n) = paHH + py ('), + M1 (HTH)™ + X2 (n™n), (n™n), + X3 (n'n), (n'n),.
+ A4 (771,7) (3, ("T”)32)1 T [/\56w5 ("T”)(sl ("T")sl)l T H'C‘]

+ X6 (H'H) (n'n), + A7 (H'n) o (n'H) g+ [Ase™s (H'n) o (H'n)y + He.

+ [ Moe™? (n'n) g, (H'm)y), + He| + Ao (y'n) 5, (H')y) + Hel

(3 3)1

e (CP-violation for the dark sector 1s necessary to fit lepton mixing

sin? 6’{2
2
Mitg i, 20 ’ ’ sin” 0]
a2 0 M3, O 0 o
neutral 0 0 mlz-léHé MCQJPV\ S11 923

0 0 Mépy M/21'2Ag
C 1) Am21 Am31




The Discrete Dark Matter Model

The neutrino mass matrix

Active Dark
(Mw)ap = (M) ap + (M, ") ap,
° ° ° ' : One-loo One-loo
Active contribution miyetive — pplree 4 m, n. P+m, , T
o (YTYT YTYs Yiys3 5 3
Tree Un V200 VRN VNS VRN VI V. One-loop 3 m 7 m7y Ty
m, = =7 | Y1¥Y2 Y2Y2 Y2V m, ., af = log | —= ) (m ;") .5.
M I]‘/ 12/ 12/ 72/ 21/ 13/ ( £ )as 1672 v2 5 m?\, (M, s
Y193 Y2Y3 YsYs
N One-loop 1 a a m2 1 — } H C A
((”LV~N1 )(Yﬁ —_ — &ZWZ Z -y aN; YNU"fBO(O’ m.,, '”I,N), a = n,1i1o., Ao,

[Escribano,2020] f \

Passarino-Veltman reduction .
Mass-eigenstates


https://link.springer.com/article/10.1007/JHEP05(2011)037

The Discrete Dark Matter Model

The neutrino mass matrix
(mV)ocB — (mﬁdive)aﬁ T (m]z?ark)aﬁa

Dark contribution

DM candidate

Scalar mixing plays Mass-eigenstates



Numerical Result

With the CP-symmetry conservation in the scalar potential

Parameter Value
Ye —2.420 x 107°
Yy 5.108 x 104
yr 8.684 x 1074
Yy 2.127 x 107°
yY —1.046 x 10—°
yY ~1.172 x 105
vy, /GeV 142.243
vy /GeV 201.079
My /GeV 9.997 x 10*
A\ 2.0
Ao 2.0
A3 —0.42
A4 0.578
A5 —0.486
A6 2.0
A7 —1.984
A8 —0.369
A9 1.198
A10 —-1.191
05 0]
P9 0
$Y10 0

Observable

Data

Model best fit

sin” 0,

Excluded

Central value lo range

sin? 012/107} 3.18 3.02 — 3.34 1.46
sin?013/10~% (NO) 2.200 2.138 — 2.269 2.314
sin? 023/10~ ! (NO) 5.74 5.60 — 5.88 6.2
8" /= (NO) 1.08 0.96 — 1.21 1.0
Am3,/(107° eV?) 7.50 7.30 — 7.72 7.49
Am3, /(1072 eV?) (NO) 2.55 2.52 — 2.57 2.55
'”i/ight('st /meV (NO) 2.03
ms5 /meV 8.89
m¥% /meV 50.54
d12/m 1.5
o3/ 1.5
d23/m 1.0
me /MeV 0.486 0.486 — 0.486 0.486
m, /GeV 0.102 0.102 — 0.102 0.102
m, /GeV 1.746 1.743 —1.747 1.746
My /GeV (Higgs boson) 125.25 125.08 — 125.42 125.25
Mpar/GeV (lightest dark scalar) 87.0
My /GeV 9.997 x 10%
x? 128.99

All Other observables in global fit 3-sigma range



Numerical Result

With the CP-symmetry breaking in the scalar potential, all oscillation

parameter anc

Parameter Value
Ye —2.136 x 10~°
Yy 4.509 x 104
Yr 7.665 x 10~3
vy 5.193 x 107°
yy —3.404 x 105
vy —7.540 x 1072
vy, /GeV 93.447
vy /GeV 227.799
My /GeV 1.088 x 10°
A1 1.772
A2 2.0
A3 —0.057
A4 1.782
As —1.644
A6 2.0
A7 —1.466
As —0.392
Ao 1.171
A10 —1.154
P5 1.764
©9 0.059
¥10 6.228

Observable Data Model best fit
Central value lo range
sin? 6;2/1071 3.18 3.02 — 3.34 3.14
sin? 6;3/10~2 (NO) 2.200 2.138 — 2.269 2.201
sin? 623 /10~ (NO) 5.74 5.60 — 5.88 5.75
6f /= (NO) 1.08 0.96 — 1.21 1.0
Am3, /(107 %eV?) 7.50 7.30 — 7.72 7.48
[ Am3, /(107 3%eV?) (NO) 2.55 2.52 — 2.57 253/
,"i/ightcst /meV (NO) 6.21
my r/mc\' 10.65
m% /meV 50.87
d12/7 0.5
o13/m 0.5
do3 /™ 1.0
me /MeV 0.486 0.486 — 0.486 0.486
my /GeV 0.102 0.102 — 0.102 0.102
m+ [/GeV 1.746 1.743 —1.747 1.746
My /GeV (Higgs boson) 125.25 125.08 — 125.42 125.25
Mpar/GeV (lightest dark scalar) 87.6
My /GeV 1.09 x 10°
My, /GeV (Heavy Higgs) 449.57
M 4, /GeV (Heavy Pseudoscalar) 435.98
A\I,;O/GC\' (Charged Active) 373.5
‘\l;{u/Ge\' (Charged Dark) 345.5
.\[;,b/Gc\' (Charged Dark) 347.7
,\I(,),u/(;e\' (Neutral Dark) 109.47
‘\l‘}’,b/Ge\' (Neutral Dark) 411.36
A\lgu/(}c\' (Neutral Dark) 413.1
x 2 0.52

| scalar sector observables are fitted without tensions.

p)
Am31
p)
Am21

Both generated



Conclusions

The Discrete Dark Matter Model

From a A4 symmetric origin: arXiv:2-soon
¢ Reproduces lepton masses and mixings.
sin®@,,, sin®0,,, sin®6,, 5 ~ 1 (Normal Ordering)

® Scotogenic-Seesaw mass mechanism for neutrinos.

2 5 ml 5 8[meV] (mgg) ~ 0.2 [meV]
e Naturally explains the hierarchy (seesaw dominates over scotogenic):
2 2
Ams, > Amy,

e Rich scalar sector: with CP-violation which Includes a Scalar Dark Matter
candidate stabilized by a remnant

Ay — 27,



Back-up Shdes

Dark scalars mass matrices

V72 B 1,2’ (—3/\-; + l/\1 + A5 COS ;,:3) 6v,y), 1 (/\10(05,,10 + Ag €OS @9 )
4 11/11/ S -
6(,“ ()\10(05\,/10-{-/\()(05,/()) l2 ( /\;+ 1/\1+)\ (()Sy-,)

B

V12 _ (";Zn( 5A3 + 1)‘1 A5 cosps) — v3 (8)sg) 2v,, v, (/\0(05v0+/\10(05v10) )
Mypr A .

- 2v,, v, (/\q(os,,q—i—/\m(os,,m) l.‘?“( 2/\(;—+—%/\1 A5 (os,,j) — v2(8)g)

v B —c,“ (A5 sin s5) —2vy, Vs (/\() sin g + A10 sin i)
Mcpy, —2vy, Vs (Ag sin g + A1pSinig) ,“ (A5 sin 5)



Back-up Shdes

Yukawa couplings under basis change

; T a .k . ' ’
Y = (Ohu.) L Yoo for a=h,Hy and k= H,.

a _ (HT \* vk L . Y
Yo, = (0ga,) r Ynas for a=G,Ay and k= A,

Y¢ = ((')’{')“ Y~ for a=x?,...xy, and k= H,) Hj A, A,

kT na



