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Inverse-seesaw (ISS)

ISS (TLR’ Ng ) Mohapatra; Mohapatra & Valle '86; Gonzalez-Garcia & Valle 89

> Sterile neutrino fields: vri (i=1,...,nRr), s;(i=1,...,ng) (3+nr+mns) X (3+nr+ns)
0 M 0

_EIIE;S:ﬁMﬁGR—f—ﬁMDVR—I-ﬁMRS—}—%SC MSS+H-C- ‘M: ML OT Mp
0 ML M,

Henrigue B. Camara — CORFU 2021 2




Inverse-seesaw (ISS)

ISS (TLR’ Ng ) Mohapatra; Mohapatra & Valle '86; Gonzalez-Garcia & Valle 89

» Sterile neutrino fields: vri (i=1,...,nRr), s;(i=1,...,ng) (3+ng+ns) x (3+ng+ny)
0 M 0
—LB5 =€ Myer + v Mprg + Vg Mgs + 55° Mys + Hoe. ) M= M}, 0 Mg
0 ML M,
» Effective neutrino mass matrix (mp, us < M):
S et sz » The ISS is a low-scale
Mo = —Mp, (Mp) ™ MM, M, mmmmmh 1m0, ~ Hs 32 neutrino mass generation
» Active-sterile mixing: mechanism
mp my

U ~ VI (0, Mp(M§)~1)U, Uni~ =~y [~
HI £ (0, Mp(Mp)™!)U, mmmmm) U M [Ls > 1SS provides a natural

template for (active) neutrino

' m3 U mp m, mass suppression with
Type-l seesaw: My~ = VHLY rm M sizeable active-sterile

neutrino mixing
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Inverse-seesaw (ISS)

ISS (TLR, Ng ) Mohapatra; Mohapatra & Valle '86; Gonzalez-Garcia & Valle 89

> Sterile neutrino fields: vri (i=1,...,nRr), s;(i=1,...,ng) (84 nr+ns) x (34 nr +n,)
0 Mj; 0
—LB5 =erMyer + 7 Mprg + Vg Mps + %SC M,s + Hc mmmm) M= M, 0 Mg
0 ML M,
» Effective neutrino mass matrix (mp, us < M):
S Lt sz » The ISS is a low-scale
Meg = —Mp (Mp)~" MMy M), mmmm) m, ~ fis M2 neutrino mass generation
» Active-sterile mixing: mechanism
mp my

U ~ VI (0, Mp(ME)~HU, Ui ~ — =~/ —
HI 2 (0, Mp(ME)™) U, mmmmm) Up M [Ls > 1SS provides a natural

template for (active) neutrino

. I m2D U mp m, mass suppression with
ype-l seesaw: m, ~ —= H~ —— ~ 4 | — . - )
v M M M 5|zeat?le act.lv'e sterile
neutrino mixing
Minimal Inverse Seesaw: > One massless neutrino

ISS(’n,R, Ng ) —> ISS(Q’ 2) > Neutrino data can be accommodated

Abada & Lucente 14 » Still 17 parameters (in the M, diagonal basis)

Henrigue B. Camara — CORFU 2021 4




Oscillation data and flavour symmetries

Minimal Inverse Seesaw 1SS(2,2):

17 parameters vs 7 observables

2
912 3 923 s 913 JAm21,31 ’

0, «
Parameter Best Fit +1o 3o range
012(°) 34.3+1.0 31.4 — 37.4
023(°)[NO] 48791992 41,63 — 51.32
623(°)[10] 4879110 41,88 — 51.30
615(°)[NO] 8.581011 8.16 — 8.94
013(°)[10] 8.6370 15 8.21 — 8.99
(°)[NO] 216751 144 — 360
5(°)[10] 277133 205 — 342
Am3, (x1075 eV?) 7501032 6.94 — 8.14
|Am3,| (x107% eV?) [NO] 2.56100% 2.46 — 2.65

|Am3| (1072 eV?) [10]  246+0.03  2.37 — 2.55

de Salas et. al ‘20; Capozzi et. al '20; Esteban et. al ‘20
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Minimal Inverse Seesaw 1SS(2,2):
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013(°)[10] 8.6370 15 8.21 — 8.99
(°)[NO] 216751 144 — 360
5(°)[10] 277133 205 — 342
Am3, (x1075 eV?) 7501032 6.94 — 8.14
|Am3,| (x107% eV?) [NO] 2.56100% 2.46 — 2.65

|Am3| (1072 eV?) [10]  246+0.03  2.37 — 2.55

de Salas et. al ‘20; Capozzi et. al '20; Esteban et. al ‘20

Abelian flavour symmetries:

» All mass terms generated dynamically

Mass matrices M., Mp
MR ) MS
Vo
----- S = b, Sa

(0 |
§ (G + 93 +qs) =0

» Impose texture zeros in the mass matrices
reducing the number of parameters

» CPV from vacuum phases (SCPV)

S, = ugede
Vs ()

Henrigue B. Camara — CORFU 2021 6



Scalar content and Yukawa Lagrangian

» Need to add a second Higgs doublet to be able to realise the charged-lepton mass matrix
textures.

» Add two neutral complex scalar singlets to dynamically generate Mg and M, .

2y 207 - :
®12 = (¢5’2) =7 ( e ) S = 5 (U126 + p3a +ins.4)

» .
1,2 V1,252 + pr o+ 1012
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Scalar content and Yukawa Lagrangian

» Need to add a second Higgs doublet to be able to realise the charged-lepton mass matrix
textures.

» Add two neutral complex scalar singlets to dynamically generate Mg and M, .

2y 207 - :
®12 = (¢5’2) =7 ( e ) S = 5 (U126 + p3a +ins.4)

” .
1,2 v1,2€"712 4+ p1 o+ im0

Yukawa Lagrangian
_EYuk. = E (Yé‘I’l -+ qu)g) €R -+ E (YlDi)l -+ YJZD&)Q) VR
+35° (Y181 + Y2S7) s + 7R (YhS2 + Y3.S5) s + Hee,
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Scalar content and Yukawa Lagrangian

» Need to add a second Higgs doublet to be able to realise the charged-lepton mass matrix
textures.

» Add two neutral complex scalar singlets to dynamically generate Mg and M, .

+ D) T _ ]
Py = (%2) = 7 ( V2015 ) , Sia= % (u1,2€%12 + p3 4 + in3.4)

i6 :
1,2 v1,2€70% 4+ p1 o+ 119

Yukawa Lagrangian
_EYuk. = E (Yé@l + Y?q)g) €R -+ E (YlDi)l -+ Y%&)Q) VR
+35° (Y181 + Y2S7) s + 7R (YhS2 + Y3.S5) s + Hee,

Scalar potential Vot (B, Sa) = 12y D10y + 12 S2 + 114 |S1]2 S0
V((I)aa Sa) — ‘/sym.+ ‘/soft(q)aa SCL) + U5 |82|2 S> + H.c.

HaUq
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» SCPVisachieved by: 6.& =0, & = arctan (

V323 — ui%@)




Abelian flavour symmetries

» Maximally-restrictive texture sets compatible with neutrino oscillation data that are
realisable by Abelian symmetries:

Gr=U(1l) xZ, x U(1)p, n = 2,4

(5‘;,1, Tys) (45, T104) (44, Tys6) (45, T136.1) (45, T146,1)
Fields U(1) Zo x U(1)p Zo x U(1)p Zo x U(1)p Z4 x U(1)p Zy x U(l)p
P, 0 (1,1) (0,—5) (1,1) (1,2) (0,1)
D, 0 (0,—1) (1,-3) (0,-1) (0,1) (3,0)
S1 0 (0,2) (0,-2) (0,-2) (0,—2) (0,—-2)
So 1 (0,0) (0,0) (1,0) (0,0) (0,0)
le, 1 (1,0) (0,0) (0,0) (2,0) (2,0)
buy, 1 (0,2) (1,2) (1,-2) (1,-1) (1,-1)
L, 1 (0,—2) (0,4) (0,—4) (0,—-2) (0,—2)
eR 1 (1,—-3) (0,9) (1,-5) (3,—4) (0,—-3)
IR 1 (0,3) (1,7) (0,-3) (0,-3) (1,-2)
R 1 (0,—1) (0,5) (1,-1) (1,—-2) (2,—-1)
VR, 1 (0,1) (0,-1) (0,-1) (0,—1) (0,—1)
VR, 1 (1,-1) (1,1) (1,1) (2,1) (2,1)
51 0 (1,-1) (1,1) (0,1) (2,1) (2,1)
S 0 (0,1) (0,-1) (1,-1) (0,—1) (0,-1)
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Abelian flavour symmetries

ONLY INTERESTING _ﬁYuk. — E (Y%(I)l + YZ(I)Q) er + E YlD(i)l + Y%&)2 VR
CASE ¢
o T +35° (YLS1 +Y2S)) s+ v (YRS2 + YS3) s + Hee.

Fields  U(l)  Zy x U(l)p

o, 0 (1,1) Mass matrices Yukawa decompositions

Do 0 (0,-1)

Si 0 0,2) M, Y, Y7 Mg Yr

% ! (0,0 0 0 x 00 0 0

ler 1 (1,0) 5, [0 0 o 0 x 0 Ty ( X)

l,, 1 (0,2) x 0 0 0 0 x x 0

(-, 1 (0, —2)

ER 1 (1, —3)

KR 1 (093) MD YlD Y2D

TR 1 (01 _1) MS Y; Yg
VR, 1 (0,1) x 0 0 x

VR 1 (11 *1) T45 0 0 X 0 T X 0 0 0

23
81 0 (1,-1) 0 x 0 0 0 O 0 X
59 0 (O, ].)
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Common origin for Leptonic CPV

»  Parameterisation of the charged lepton-mass matrix:

0 0 ay a? 0  ajay c, 0 s
5. M, = 00 JH,=( 0 a2 0 |, vi=[o0 1 0] 6

2 2
ao ay aiay 0 a5+aj —s;, 0 ¢g

. _ / Mo, _ / . _ /
5? 'VL,R_VL’RP12§ 51 'VL,R_VL,R’ 5{ .VL,R _VL,RP237

NO, ., 10, ‘ 6 distinct cases to be analysed
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Common origin for Leptonic CPV

»  Parameterisation of the charged lepton-mass matrix:

0 0 ay a? 0  ajay c, 0 s
5. M, = 00 JH,=( 0 a2 0 |, vi=[o0 1 0] 6

2 2
ao ay aiay 0 a5+aj —s;, 0 ¢g

. _ / Mo, _ / . _ /
5? 'VL,R_VL’RP12§ 51 'VL,R_VL,R’ 5{ .VL,R _VL,RP237

NO, ., 10, ‘ 6 distinct cases to be analysed

Real Yukawa couplings (CP is conserved at the Lagrangian level)
by 0 0 b3

Yo=|0 0] ,Y,=(bs O ,YR:(C? %2),Y§:("’;2 8),Y§:(8 0)
0 by 0 0 ! hi

VEV configuration:

() = o m e\ o
@) =vsng  m— Mp=(mo 0 ) Ma= () o= (P 0
(S1) = ure® | (S) = ugy b
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Correlation between low-energy observables

» Effective neutrino mass matrix: VEMQHVL

2 2 e /
z% .. - . -V =V; ,P
Y L Z o y ze?€ cosf; 0 sinfy 91 L 35 L,R™ 12
M=% 5 o ['Ve=| 0 1 0 5 : Vir=Vip
. . —sin 6 0 cosf
ze218 0 we? b b 51 : Vir= VfL,RP23
2 m2
mp,Mp, P mp, p Dy mp,mp,

Z=#5Tq—2=w=NsM2 50 P T s s YT Hs T

Henrigue B. Camara — CORFU 2021 14




Correlation between low-energy observables

» Effective neutrino mass matrix: VEMQHVL
2 2 e /
z . : =
Lo Zerie o2 cosf, 0 sinfy 1 ViR = Vi rP
Mg =e | © yw : 0 |VL= 0 10 5 : Vir=Vip
. . —sinf;, 0 cosf
ze2€ 0 we*s . r 1: Vo r= VfL,RP23
2 2
_ Mmp,Mmps P mp, p _Mmp, M p,Mmp,
CE s T q_21w NSM2_27$ s » Y= HsT o

» The effective light neutrino mass matrix is written solely in terms of 6 effective parameters:

('/JU) y7 Z) w7 9L7 5) ‘Oz = (AmglaAmglagijaéﬂ Of)

NO : M;; = |U™"diag (0, \//_\m%l, \/Amgl) U’T]
! ij

10 : M;; = |U"diag (\/A/m%l, \/Amgl + Am3,, 0) U'T]

Dij = M;; Mj; — M;;

t]
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— Low-energy relations:

¢ . Dy
51 arg |:M112M123D—23:| = 0
_ ) Dlz_
5‘; :arg M122M223D—23 = O
. [ Dy |
51 carg Ml??M323D—23 = O




Leptonic CP violation

360
315 NO,
(Amg,;, 6;)
207 mm3o
275 | I -
‘ig 180
— b
135 F 30
F lo
90 - h.f
45
0 / | |

I L 1 ' 1 ' | '
0 45 90 135 180 225 270 315 360

5(%)

» Strong correlation between a and §,

360

315

225

o

135

45

270
— 180
3

90 §

(AmZ;, 6;5)
Hl 30
I -
1)
I 30
lo
---- b.f
[ I
- :
L L L | 1 L 1 L | \
45 90 135 180 225 270 315 360

0 (°)
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Leptonic CP violation

360 360
315 i 315
270 - | 270
' ' L (Am;,0;)
225 - . 225 . 3o
< 180 < 180 s Lo
S S I
' ' 5
135 | . 135 | 30
| lo
90 | : 90 _—
45 | 45 |
0 ‘ . ‘ N T 0 ‘ |
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
§(°) 5 (°)
» Strong correlation between a and §, (Sl) — ulei5

> No Dirac CPV implies no Majorana CPV, ‘ Dlrac : JMaJ ox sin(2¢)

as in Branco, Felipe, Joaquim, Serddio ‘12
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Leptonic CP violation

360 360
315 i 315
270 - . 270
' ' " (Ami,05)
225 | : 225 - 3o
o 180 > 180 Il 1o
S S I
' ' 5
135 B - 135 r 30_
| lo
90 | : 90 _—
45 | 45 |
0 . \ , . | . | . 0‘ L 1 L | L L L N
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
§(°) 5 (°)
» Strong correlation between a and §, (Sl) — ulelf

> No Dirac CPV implies no Majorana CPV, ‘ Dlrac : JMaJ ox sin(2¢)

as in Branco, Felipe, Joaquim, Serddio ‘12

» A measurement of & in the intervals [ 45°, 135°] and [ 225°, 315°]
would exclude the NO,and NO_ cases,

» Bfo, analysis done in the paper (no time to discuss here).
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Heavy-light mixing relations

ny "
» Charged and Lo ) W B.. e=~"Pr W
W aj €a’Y 1 1 H.C.
neutral current Vot azl le J L

interactions Cov

B  Bur z —wtanfy,

~ ~ ~ ~ ~ B, ~B.7 ~0
B.. B,s vy Bu B Y B By wtztanfy o
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Heavy-light mixing relations

nf + Vj
> Charged and r g — — W
wt = —=W B.; eay"Prv; + H.c.
neutral current Vo £ O; J; e !
interactions Ca
g = 3 ZO Vi
_— *
Ly = FZ'U’ Z vyt (CijPL — Cz‘jPR) vi, Cij = Z B),B.; ’VW\N\I\<
W =1 a—1 U,
J
B B T B B B B z —wtanf
ed ed : T4 ~ TH 2tan9L, u6 ~ ©T ~ L 5B862B8720
BM4 BM5 ycr, BH4 BH5 B s B, - w + ztan @y,
» Numerical estimates
Noe NO,u NOT Ioe IOM IOT » The Bai (C( = e, ‘U,T) (l = 4, ey 7)
are related to each other;
B.i/B,s~Bes/Bus | 021 017 017 | 273 021 041
B-4/Buu~B;5/B,s | 027 088 087 | 051 1.09 124  » The relations are expressed solely
B,1/Bu~B,5/Bes | 127 507 524 | 019 533  5.02 in terms of the low-energy
neutrino observables;
B.s/Bus ~Be7/Bur | 0 — 036 | 0 — 496
B.s/Bus ~B,7/B,r | 0.61 _ 0 1.14 - 0 » Due to the flavour symmetries the
. - . a heavy-light mixing parameters are
B:s/Bes ~ Br7/Ber — 1.64 0 - 0.23 0 not independent.

Relations among cLFV processes (no time to discuss here)

Henrigue B. Camara — CORFU 2021
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Charged lepton flavour violation (cLFV)

cLE'V process Present limit (90% CL) Future sensitivity
BR(u — ev) 4.2 x 10713 (MEG) 6 x 10~ (MEG 1I)
BR(1 — ev) 3.3 x 10~® (BaBar) 3 x 1077 (Belle II)
BR(T — uv) 4.4 x 10~® (BaBar) 10~ (Belle II)
BR(p~ — e ete) 1.0 x 10~ (SINDRUM) 1016 (Mu3e)
BR(t™ — e ete) 2.7 x 107% (Belle) 5 x 10719 (Belle 1T)
BR(T™ — e putu™) 2.7 x 107% (Belle) 5 x 10719 (Belle 1I)
BR(T™ —etu p7) 1.7 x 10~% (Belle) 3 x 10710 (Belle II)
BR(t™ — p~ete™) 1.8 x 10~% (Belle) 3 x 10710 (Belle II)
BR(7~ — ute e™) 1.5 x 10~® (Belle) 3 x 10719 (Belle 1)
BR(T™ = p ptu™) 2.1 x 107® (Belle) 4 x 10710 (Belle 1)
CR(u — e, Al) — 3 x 10717 (Mu2e)

10~ — 101" (COMET I-1I)
CR(p — e, Ti) 4.3 x 10712 (SINDRUM 1T) 1018 (PRISM/PRIME)
CR(i — e, Au) 7 x 1013 (SINDRUM II) =
CR(u — e, Ph) 4.6 x 10~ (SINDRUM II) —

» Muon cLFV: strongest current constraints and future lowest sensitivities
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cLFV in the ISS(2,2) with Abelian symmetries

mg; ~ 10 my5 (GeV)
10? 10° 10* 10°

_
<

108

E T T T T TTrIT I T T T T TTTT ] T T T T TTTT l T T T T TTT E
F [ ] BRu—ey)>42x10°(MEG) gﬁiﬁ :;Z; ]
107 B [ ] CR(u-e,Au)>7x10"% (SINDRUM) -~ CR(u— e, Al) N
E CR(u—-e,Tiy<10™ CR(/I_C’ Ti) E
. - As>0.1% b > 1.0 e
10" & As > 1% bM*> 5.0 e
E AR
E i
T ]
S s A 5
L T (B J

= 10* v
:’f E Q) P e ,§
u NN -
- Q - ot

s LY U o
10 E o \0 s - 6 \\\4\\ =t ie =
- . . / 3
10* & -
: - X8 <§§b .
- I,’// 0 =
L P\ oY ]
10" £ o 60* 666 =
E &< A 3
2 \\) ) =
[ < .
100 ¢”‘:/‘l 1 1 IIlIII 1 ! 1 IIIIII 1 1 1 llllII 1 1 B B I I
10° 10! 107 10° 10

mys (GeV)

mg; ~ 10 my5 (GeV)
10? 10° 10*

_.
<
—_
S
wn

E T T T TTTTT | T T T T TTT Dl T T T | B O II T T T ! LR L Ié

- [ 10, 3

10" g E

F CR(u—e,Ti)<10'® =

10° E e =

105 B v’-:_(,.;\_\;—':_f::-::"“"""""'“':‘-::-':-':f-'.’:.':_-:_»:l:::: . =

~ E - \"\ \P\ E

> C / X 6\\' ks 7]

2 0t b o T e -

3 £ o - 3

g 6 \q\\\": :

10° ) & \,\\;\' \ /” =

E: S P E

10° £ N\ % 3

& N\ ;

L - b@\ 6‘0* |

100 % & @ E

E ) ¥ E

L ¥ < -

100 ) 1 1 II!IIII 1 1 lllll!l 1 1 Illllll 1 1 { Iy Y e I 9
10° 10! 10 10° 10*

mys (GeV)

» For NO, almost the whole parameter space will be scrutinized by future p—e
conversion experiments (Mu2e, COMET, PRISM/PRIME);

» For |0, the prospects are less optimistic.
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Constraints on heavy sterile neutrinos

log,o(Vay)

10717 (Ti)

R,>1/3

200 4B Nl DRy ) < -10.0
--------- CR(u—e, Al)
- NOYf 1 FCCe CR(u~ e, Ti) 1
_120 1 | 1 | 1 | | I | 1 _120
0.0 1.0 2.0 3.0 4.00.0 1.0 2.0 3.0 4.0
log,,(m,s / GeV) log,(mys / GeV)

> Current data implies an upper bound V3, ~ 107¢ — 107>;

» Future probes will be sensitive to much smaller mixings.
Indirect LFV experiments fully complementary to other direct searches.

Henrigue B. Camara — CORFU 2021 23




Constraints on heavy sterile neutrinos

0.0

logIO(VeZN)

<108 (Ti)

-10.0 = -10.0

-12.0 : : : -12.0
0.0 1.0 2.0 3.0 4.00.0 1.0 2.0 3.0 4.0

log,o(m,s / GeV) log,o(mmy5 / GeV)

» EWPD is less constraining in the |0 case;

> Future cLFV probes will be sensitive to V2, ~ 1077,
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Conclusion

» Comprehensive study of the minimal inverse seesaw model constrained by
Abelian flavour symmetries with all mass terms generated via SSB;

» Majorana and Dirac-type CP violation are related;

» Relations among LFV parameters in our framework provide a very constrained
setup for phenomenological studies;

» Constraining power of cLFV processes in the model’s parameter space;

» Alternative probes such as beam-dump, hadron-collider, linear-collider, displaced-
vertex experiments as well as EWPD.

Analysed in paper: Impact of radiative corrections on neutrino masses, neutrinoless double beta decay,
relations among tau and muon cLFV decays, ...

Thank youl!
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