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Inverse-seesaw (ISS) mechanism

B Sterile neutrino fields: vr; (i = 1,...,ng), $; (i =1,...,ny)
INVERSE SEESAW

L8 =€ Myer + v Mprp + Vg Mps + 25° M,s + Hc.

mass
ISS(ng,ng)
Mohapatra; Mohapatra & Valle'sé; B Effective neutrino mass matrix (mp, u, < M):
Gonzalez-Garcia & Valle'89
m2
(3+ng +ns) X (34 ng +n,) Mg = —M%5 (ME)"'M,MzMl, —— m, ~ psﬁg

0 Mp 0 : L
M= (M, 0 Mg B Active-sterile mixing:

M [bs
m2 mp m, The.ISS provigles a natural template for
Type-l seesaw:. m, ~ B Uty ~ 5 ~ W (active) neutrino mass suppression with
sizeable active-sterile mixing
Minimal Inverse Seesaw: B One massless neutrino
ISS(nR’ ns) — ISS(Q’ 2) m Neutrino data can be accommmodated
Abada & Lucente’l4 m Still 17 parameters (in the M diagonal basis)
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Neutrino oscillation data

Minimal Inverse Seesaw ISS(2,2): 5
17 parameters vs 7 observables 012 , 023 , 013 ,Am21’31, 0, «

2.0 T T
Parameter Best Fit +1o 30 range
012 (O) 34.3+1.0 31.4 — 374 L.5r ]
f23(°)[NO] 48.79%992  41.63 - 51.32 E10 ]
093(°)[10] 48.79%15  41.88 5130 1 ]
613(°)[NO] 8.5870 1% 8.16 — 8.94 NO | | NO |
013(°)[10] 8.631011 821 —»899 %' I S I I —
§(°)[NO] 216752 144 — 360 el 1t ]
§(°)[10] 277133 205 — 342 i ]
Eqol 1L ]
Am3, (x1075 eV?) 7.5070:22 6.94 814 &° I ]
|Am3,| (x107% eV?) [NO]  2.56700% 2.46 — 2.65 o5 I ]
[Am3, | (x107% V) [I0] 246 +0.03 237 »255 o CoTve o Oppdesemestaco 9]
' 0.4 _0.5 0.6 0.016 0.020. 0.024 0.028
de Salas et. al, 20; Capozzi et. al'20; Esteban et. al'20 5in?623 sin613
ABELIAN FLAVOUR SYMMETRIES Mass
Ve <¢0> — p, et matrices
B All mass terms generated dynamically  \N\omoooo ® “
; Mf 3 MD

B CPV from vacuum phases (SCPV) lbﬁ Mp, My
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Scalar content and Yukawa Lagrangian

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

B Add two neutral complex scalar singlets to dynamically generate Mg and My,.

+ 20T _ ]
P12 = (thl}’g) =7 ( e ) o Sz = 75 (w1262 + py g + s 4)

i6 :
1,2 v1,2€70% 4+ p1 o+ 119

Yukawa Lagrangian

—Lyuk. =00 (Y1 +Y;®2) er + {1, (Yflp‘i)l + Y%‘i)z) VR

+4 5 (YIS +Y25)) s + 7R (YRS2 + Y3S53) s + He.

SCALAR POTENTIAL Viott (@, Su) = ”%2 (1)1(1)2 n N?& S% ¥ |Sl|2 s,
V(q)aasa) — Vsym."l' ‘/Soft((paasa) -+ U5 |82‘2 S2 + H.c.

4 2.2
SCPV IS ACHIEVED WITH: 6,6, = 0, & = arctan (\/32“3 ”4“1)

H4aUy
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Abelian flavour symmetries

B Maximally-restrictive sets compatible with neutrino oscillation data that
are realizable by Abelian symmetries:

GF = U(l) X Zn X U(l)F, n = 2,4

(511 Tas) (45, T124) (45, T4s6) (45, T136,1) (45, T146,1)

Fields U(1) Zoy x U(1l)g Zo x U(1)p Zo x U(1)p Zy x U(1)p Zg x U(1)p
d, 0 (1,1) (0,—5) (1,1) (1,2) (0,1)
) 0 (0,—1) (1,-3) (0,-1) (0,1) (3,0)
S1 0 (0,2) (0,-2) (0,-2) (0,—-2) (0,-2)
S 1 (0,0) (0,0) (1,0) (0,0) (0,0)
le, 1 (1,0) (0,0) (0,0) (2,0) (2,0)
bur, 1 (0,2) (1,2) (1,-2) (1,-1) (1,-1)
[ 1 (0,-2) (0,4) (0,—4) (0,-2) (0,-2)
€R 1 (1,-3) (0,9) (1,—5) (3,—4) (0,-3)
MR 1 (0,3) (1,7) (0,-3) (0,-3) (1,-2)
TR 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)
S2 0 (0,1) (0,-1) (1,-1) (0,-1) (0,-1)
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Abelian flavour symmetries

ONLY —Lyuk. =0, (Y} @14+ Y7®0) ep + 01, (Y}D&M + Y%‘E) VR
INTERESTING CASE _
+25°(YiS1 +Y25)) s+ vr (YRpS2 + Y%S3) s + Hee.
(5€,I=T45)
Fields ~ U(l)  ZzxU(l)r Mass matrices Yukawa decompositions
b, 0 (1,1)
P, 0 (0,-1) M, Y] Y? M, Yr
Sy 0 (0,2)
0 0 x 0 0 0
S )
’ : 9.0) 5, o o o 0 x 0 Tis 0 x
le, 1 (1,0) ’ x 0 0 0 O ~ 0
Cor 1 (0,2)
0. 1 (0,—2)
€ER 1 (]. —3)
iR 1 (0,3) Mp Y} Y% M Y! Y?
TR 1 (01*1)
VR, 1 (0,1) x 0 0 x x 0 0 O
B T3
VR, 1 (1,-1) Tus 0 0 x 0 0 0 0 x
51 0 (1,-1) 0 x 0 0
59 0 (031)
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A common origin for Leptonic CPV

B Parameterisation of the charged lepton-mass matrix:

0 0 a a? 0  ajay cr,. 0 sz
5: My=1]0 mgl 0], H=| 0 a3 0 , Vi=1 0 1 0 O
ar» 0 a4 aiay 0 a3+ aj —s, 0 cg

. — Y "o, _ ! . _ !
5? ‘VL,R_VL’RP12? 51 'VL:R—VL,R7 51_ .VL’R—VL’RPzg,

NO, .10, ,, —> 6distinct cases to be analysed

REAL YUKAWAS (CP is conserved @ the Lagrangian level)
bl 0 0 b3
0 do fa 0O 0 0
YL=10 0] ,Y3,=[bs O ,YR:( ),Y;:( ),ij:( )
(0 bg) (0 0) d 0 00 0 fi
VEV configuration:

#%) = vcos 3 mp, Mmp, ;
< (1)> | M, — mg OD M — 0 M M. — puseg 0 '
(69) = vsin§ oo O] Me={gy g ) M= (g e

(S1) = ure® | (So) = us
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Correlation between low-energy observables

B EFFECTIVE NEUTRINO MASS MATRIX: VEMCHVL

2 2 € /
y + ey ze?® cosf; 0 sinfj 51: VLR VL:RPlz
: r w
. _ —sinf;, 0 cosfy
ze2€ 0 we?* 51 : VR = VfL,RP23
m2 2
mp,Mp, P Dy P mp, mp,mp,

" The effective light neutrino mass matrix is written solely in terms of 6 effective

parameters:
— Low-energy relations: —

(xayazawaglng) — OiE(AmglaAmglaeija(saa) - Do
5¢ : arg MffM123D12 =0

] i 23 |

NO : M;; = |U™diag (0, \/Amgl,\/é.m§1> U’T] : Do
: ij 54 ¢ arg MngggD—i =

10 : MZ] = U’*dlag (\/Amgl, \/Amgl + Am%l, D) U’T] : _

L ©J D12
57« arg | M2M2,—=| =0

Dyj = My Mj; — M}, v | Dy
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Leptonic CP violation

360 — — — 360
315 - NOu . 315 |
(Am;, 6;;) 1 i
270 - . 270 ) .
| | I m;’»'a i]
295 - B - - 295 — ;)U 7 |
> 180 o 180 1
< 5 S
135 - 30 2 135 L 4 35
- lo 1 L 1
90 |- - b.f. - 90 - 3 b“f
45 + — 45 , !
0 : : —l— ' : : L ‘ . | ! | s : \ . ! :
0 45 90 135 180 225 270 315 360 00 45 90 135 180 225 270 315 360
(%) 5 (%)
B Strong correlation between a and § (S,) e
1) = Uj€
B Approximate symmetry d - 6+ m jgillfac , Jﬁg’j X sin(2§)

m No Dirac CPV implies no Majorana CPV

m A measurement of § in the intervals [ 45°, 135°] and [ 225°, 315°] would
exclude the NO, and NO, cases
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Heavy-light mixing relations

+ J
Ly+ = iW#_ Z Z Baj %’Y“PLI/j + H.c. w
\/§ a=1 j=1 o

83

nf 3 ZU
Lr= é&u Z virt (CijPL — Cj;Pr) v; , Cij = ZBZz'Baj ’V\ANVV\<
i,7=1 a=1 V;

B B x B B B B z—wtané
ed 29 : 1~ 5:tan9L, Mo 2HT L,Be62Be720
B”4 B‘u5 ycy, B#4 B#5 BT6 BT7 w + z tan 9L

® NUMERICAL ESTIMATES

NOG NO” NOT Ioc IOM IOT ® The Byi (a =e,ut)(i =4,..,7)are

B.1/B,s ~B.5/B,s 0.21  0.17  0.17 | 2.73  0.21  0.41 related to each other,
B-1/B,1~B;5/B,s 0.27 0.88 0.87 0.51 1.09 1.24 _
® The relations are expressed solely
B,i/Bes >~ B,5/Bes 1.27 5.07 5.24 0.19 5.33 5.02 in terms of the Ilow-energy
neutrino observables,
B.s/Bus ~ Bc7/B,r 0 — 0.36 0 — 4.96
B.s/B,s ~B.7/B,s | 0.61 _ 0 1.14 _ 0 = Due to the flavour symmetries the
r - heavy-light mixing parameters are
B.6/Bes >~ B,7/Ber — 1.64 0 — 0.23 0 not independent,

This establishes relations among cLFV processes (no time to discuss here)
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Charged lepton flavour violation (cLFV)

cLF'V process

Present limit (90% CL)

Future sensitivity

BR(z — ev) 42 x 10-13 (MEQG) 6 x 10~ (MEG 1I)
BR(7 — e7) 3.3 x 107® (BaBar) 3 x 107 (Belle II)
BR(T — uv) 4.4 x 10~® (BaBar) 1079 (Belle 1II)
BR(u~ — e ete™) 1.0 x 10~12 (SINDRUM) 10716 (Mu3e)
BR(7~ — e ete) 2.7 x 107® (Belle) 5 x 10710 (Belle II)
BR(T™ —e putpu) 2.7 x 107% (Belle) 5 x 10710 (Belle II)
BR(T™ —eTpu—p™) 1.7 x 10~® (Belle) 3 x 10719 (Belle II)
BR(7™ = u~eTe™) 1.8 x 10~® (Belle) 3 x 10719 (Belle II)
BR(7™ = ute e™) 1.5 x 10~® (Belle) 3 x 10719 (Belle II)
BR(T™ = pu~putp™) 2.1 x 1078 (Belle) 4 x 10710 (Belle 1I)
CR(u — e, Al) — 3 x 10717 (Mu2e)

10-15 — 10~17 (COMET I-II)
CR(u — e, Ti) 4.3 x 10~12 (SINDRUM 1) 10~18 (PRISM/PRIME)
CR(u — e, Au) 7 x 10713 (SINDRUM 1II) —
CR(i — e, Pb) 4.6 x 1011 (SINDRUM TI) -
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cLFV In the ISS(2,2) with Abelian symmetries

810' 10 10° 10* 10° 810' 10 10° 10* 10°

l 0 ; T T T TTTT I T T T T T TTT I T T T T TTTT I T T T TTT l;- l 0 § T T T TTTT I T T T T T T7T17T I T T T T TTTT I T T TTT ?

E 13 BR(u —ev) J o 3

F [ ] BR(u—ey)>42x100"(MEG) ' ] B 3

e -_ ] CRu-e,Au)>7x107 (SINDRUM) ?f{:ﬂf;’], | 107 L 0. ]

E CR(u—e, Ti) < 10" T E 3 E

F e e CR(u=e. 1) E £ CR(u—e,Ti)<107'® :

o f A >0.1% B > 1.0 o o .

10 E As > 1% hM*> 5.0 i,é 10 =TT E

105 L T e 10° b TR .

— E ,--"'-.':-—-"' “““““ ," S_l % —_ E /"" \‘-'\P‘\\ %

> i P N B [ e ¥ a

=10t ' 5 L I0te e 3

R SO 3 = g - iy g

F ST W f - = f

10° & W - 10° | oD W )

E : A0 O s E 2\ . E

B W E E W o E

10? £ < 10° & S =

E N O E E Sl O E

E 0@0 @\((’ i E S\ é\({’ :

P N o 1 F o o 0

10" & 6’0\\ bep = 10" & g)e-é' bep =

z & W 3 £ o W 3

» N %) 3 F + ) B

8 6‘_0 + i C. < <</+ d

]UD "‘ 1 1 IIIIII 1 Il 1 \\\\FI 1 1 1 IIIIlI 1 111111 ]UD 1 1 IIIIII 1 il 1 \\\\!I 1 1 1 IIIIlI 1 111111
10° 10! 107 10° 10* 10° 10' 107 10° 10*

mys (GeV) mys (GeV)

B (Almost) the whole parameter space will be scrutinized by future p—e conversion experiments
(Mu2e, COMET, PRISM/PRIME) for normal neutrino mass ordering;

B For inverted ordering the prospects are less optimistic.
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Constraints on heavy sterile neutrinos

0.0 .
2.0 J
40 K =
r:_% EWPD 4
> ____________________ e R O RS R
< 60 - SINDRUM
a0 [
< N _/
CHARM
8.0
200 4B Nl R ) -10.0
- [NO, ! FOCee oo cnce o -
_120 1 | 1 I | 1 | I | I _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,o(mys / GeV)

B Current data implies an upper bound V&, ~ 107% — 107°;

B Future probes will be sensitive to much smaller mixings. LFV complementary to other
searches.
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Constraints on heavy sterile neutrinos

logIO(VeZN)

0.0

-

DUNE™-.__

| \FASER2

g SINDRUM
DELPHI  ATLAS
-6.0 —
_\—/I -
CHARM
-8.0 - — <1078 (Ti)

-10.0 — - -10.0
- | 10, § 10|
_120 I | 1 1 1 | ] | 1 | 1 _120
0.0 1.0 2.0 30 4.00.0 1.0 2.0 3.0 4.0
log,o(mys5 / GeV) log,o(mys / GeV)

B EWPD is less constraining in the |O case;

® Future CLV probes will be sensitive to VZ, ~ 1077
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Concluding Remarks

B Minimal inverse seesaw mechanism constrained by Abelian flavour
symmetries with all mass terms generated via SSB;

B Majorana and Dirac-type CP violation are related,

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

m Constraining power of cLFV processes in the model's parameter
space;

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

Impact of radiative correction on neutrino masses, neutrinoless double beta decay,
relations among tau and mu decays,...

Grazie!

January 15, 2021
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