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The Type-lI Seesaw family

What we mean by the Type-l Seesaw family?
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2 (Mp Mg'), <1VYi,j

3) Alight Majorana mass term for the active neutrinos is
generated at tree level.



The Type-l Seesaw family

We can compute a general formula for M,
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We can compute a general formula for M,

T o (U, 0\ (/13— PPt P _

By expanding P = > °. P, inpowersof € =0 (Mp My")

M, =—-Mp M;" M} + O (),
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Let us assume two different singlets, N and S
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The Type-l Seesaw family

Let us assume two different singlets, N and S

Mp = (mp mg), Mp = (T'L;% 21:) :

(mD (mg)_1 (s — mL> m~tmb + (mLm;ll,uN — mD) (m")'m? +0 (52) Jif mg #0,
M, =

—mp py mp —mp pg my, + O (82) Jifmp =0.

With m = mp — UN (mg)_l s



We can recover type-l, inverse and linear results by working
with different singlet generations and matrix hierarchies



We can recover type-l, inverse and linear results by working
with different singlet generations and matrix hierarchies

For instance, if Hs , uN < Mmp

My =mp (mp)" psmg'mb +mpmg'py (mf) " mi

—mp (mg)_l mf —my, mﬁlmg + O (52) :



The Type-l Seesaw family with explicit breaking of U(1),

We can define the multiplet F'= (N S)

o~ M _
L =YLHF + TFFCF—I—h.c.
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We can define the multiplet F' = (N .5)

o~ Mes —
L =YLHF + TFFCFJrh.c.

- m
With Y= (yv s ). MF:(% Mg)

We can describe all the models with the type-I lagrangian



The Type-I Seesaw family with SSB of U(1),

The multiplet F' = ([N S) is not anymore a well-defined
object of the theory in general
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The multiplet F' — (N S) Is not anymore a well-defined
object of the theory in general

¥

We cannot use one lagrangian to describe all the models

¥

We can find different realizations for the same mass mechanism
generation



Minimal realization with SSB of U(1),

By minimal we mean:

@ BSM scalar sector: one singlet and at most one doublet
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By minimal we mean:

@ BSM scalar sector: one singlet and at most one doublet

@ Singlet fermions: N and S. N is the right-handed neutrino
(LHN)

@ Only one majoron, with the singlet being the main component
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We find 9 different models

@ Mass mechanism = 3 type-l, 2 inverse, 2 linear, and 2 hybrids

@ Majoron pheno : 6 suppressed by 7, and 3 enhanced



Models with enhanced majoron phenomenology

1) Hybrid mechanism (linear + inverse) ¢s=0 ; ¢.=-1

2) Linear Seesaw gs=-3 ; ¢o=—2

3) Inverse Seesaw ¢,=-—1
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Fields | SU(2), @ U(1)y | U(1)L
H (2,2) 0
X (2,3) ~1
o (1,0) —1
L (2,-3) 1
N (1,0) 1
S (1,0) 0

Y

_ . _ _ 1 _
—L=YLHerp+yn LHN + yg LXYS + Ao NS + 5 s S°S + h.c.




Hybrid mechanism with enhanced majoron LFV

_ _ . _ _ 1 _
—L=YLHer +yn LHN + yg LXS + Ao NS + 5 Ms S¢S + h.c.

Assuming Uy < v < Vs

2
M, ~ Ly (A7) pshTlyh | — 2 (yn (W) wd) o
Vs v

g
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Hybrid mechanism with enhanced majoron LFV

_ _ . _ _ 1 _
—L=YLHer +yn LHN + yg LXS + Ao NS + 5 Ms S¢S + h.c.

Assuming Uy < v < Vs

”02 —1 _ VH U —1
M, ~ U—ZI {yN ()\T) s A 1y;"\;] — Iz X [(yN ()\T) yfqp) —I—tr.} :
Inverse + linear mp Hybrid mechanism
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Hybrid mechanism with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, x, 0)]

26



Hybrid mechanism with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, x, 0)]

J:i<_’UH’U>2< UI%IUX 1) . N2:1_|_,U%-I,U>2(

2 3 2 3
N Va2 vgv v2 V2
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Hybrid mechanism with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, ¥, 0)]

2 9 2 .2
L[ vEYY vRvy , A2 — Vg Uy
J = 2 3 oo L) s =1+ =
N Va2 vgv v2 v
V2o
. Uy Mg My -
Lhree-level NU% JOM s £ < Uﬁ Y Jlys L.
(o2
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Hybrid mechanism with enhanced majoron LFV

At one-loop (AHB, A.Vicente, arXiv:2311.10145)

i) -
Lots = 55— | My Te(yn yk) s +2Me (ynyl —us ©uk) P —2 (ywyk —ys ©ul) MiPr| ¢,
m2 S m2+
With @sp = ( R) 2 (m%%)s o m?ﬂ- + m%—l— lOg —g 5sp .
((m%)s - m2+) (m)s
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Hybrid mechanism with enhanced majoron LFV

(3
39,25 0\ My Te(yn yh) vs + 2M; (yN yl — ys @yf;) Pr —2 (yN yly —ys© yg) MEPR} e,

Loy =

And we obtain an enhanced coupling since

2
v VU M,
H X
My, ~ ps—5 — gJee ~
v2 Vg Vo
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Fields | SU(2), @ U(1)y | U(1)L
H (2,3) 0
X (2,3) —4
o (1,0) —1
L (2,-2) 1
N (1,0) 1
S (1,0) ~3

_ . _ _ 1 _
—L=YLHer +yn LHN + ys LXS + Ac*N°S + iANUNCN—I—h.C.



Linear Seesaw with enhanced majoron LFV

_ . _ _ 1 _
—L=YLHerg +yn LHN + ys LXS + A0c"N°S + §ANJNCN—|—h.C.

Assuming Uy KV < Vg

Linear seesaw
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Linear Seesaw with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, x, 0)]
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Linear Seesaw with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, x, 0)]

2 .2

1 V2 2 V2 v
J:-(-QXszH”X 1); N2 =144 H X

) )
N V02 v, v2 v2 p2
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Linear Seesaw with enhanced majoron LFV

We can compute the majoron in the basis Im [(H, x, 0)]

1 vivg v%v Ve v
J = 2 X — 24 X1 N2 =144 X
N ( V02 v, v2 > + v2 p2
2 my v
Lrselevel — 94 JOMpysl ~ 22X gia
00 N'U?”Uo- 25 ,03 5
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Linear Seesaw with enhanced majoron LFV

_1 .
At one-loop (AHB, A.Vicente, arXiv:2311.10145) , defining R = )\;fv)\N (AT) () !

iJ 1 5
Lopg = — M, |T I — —R | y! — — Ry
g 32772%5{ ; [ r(yN (3 3R) yN)] Y5 + Meyn (2113 12R) ynPrL
A,
—2yn | 205 — ER yn MyPr o 0,

And we obtain an enhanced coupling since

VHVy Mg
gjee ~ —
Vo Vo

M, ~
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Lepton Flavor Violation Phenomenology

We can study the models in the limit where the majoron interaction is
the same for both models
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We can study the models in the limit where the majoron interaction is
the same for both models

v
32120,

Log = / {Me Tr(yn yJTV)% +2M,yN yN Pr, —2yn y My PR} l.



Lepton Flavor Violation Phenomenology

102

10~
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In the case of explicitly lepton humber breaking all Type-I family
models are equivalent since singlet fermions are indistinguishable

In the case of SSB a lot of different realizations are possible

We can build models with majoron enhanced phenomenology

In these models we expectto see 1 — e¢.J over n—r ey



_ _ . _ 1 _
—L=YLHer+yn LHN + Ao NS + 5 s S¢S + h.c.
Assumin < m,v%' Ty~ 1 1T
9 VH Vo M, ~ E |:yN ()\ ) :uS)‘ yN:|
The coupling at one-loop (AHB,A.Vicente, arXiv:2311.10145)

1]
32720,

Loy = 0 {Mg Tr(yn y}LV)% +2My yn y]TV Pr, —2yn yJTVMg PR} /.



Diagrams leading to the one-loop majoron coupling
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Figure 1: Feynman diagrams leading to the 1-loop coupling of the majoron to a pair of
charged leptons. 42
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