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The Standard Model cannot explain:
* Neutrino flavour oscillations which imply massive neutrinos and lepton mixing

* Observed dark matter abundance
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Motivation

The Standard Model cannot explain:
* Neutrino flavour oscillations which imply massive neutrinos and lepton mixing

* Observed dark matter abundance

Straightforward and elegant solutions:

Type Il Seesaw Model Scotogenic Model

Konetschny et al. (1977), Cheng et al. (1980), Ma (2006)
Lazarides et al. (1981), Valle et al. (1980), Magg
et al. (1980), Mohapatra et al. (1981)
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Our approach:

Model where both mechanisms contribute to neutrino masses with a
single discrete symmetry to accommodate: spontaneous CP violation,

neutrino oscillation data and dark matter stability
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Scoto/type-Ill seesaw model

*Zg "and Z§ 7 are other possible charge assignments
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Scoto/type-ll seesaw model
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Zg discrete symmetry

* New Zg symmetry reduces number of
parameters in the Lagrangian

 Leads to low-energy predictions for
neutrino mass and mixing parameters

» Presence of dark particles (odd under
remnant Z, after SSB): fermion f and
scalars i,
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Scoto/type-ll seesaw model

*Zg "and Z§ 7 are other possible charge assignments

Fields SU(2)L ® U(1)y 2L 2,
lerp,€R (23_1/2):(17_1) 1 — +
n
S g,uL,ll}R (2,—1/2),(1,—1) wﬁ — +
=
S| bome 2121 Wy
f (170) w3 — —
® (27 1/2) 1 — +
c_% g (170) w? = +
& M (2,1/2) W3
m: (2,1/2) W s —

Zg discrete symmetry

* New Zg symmetry reduces number of
parameters in the Lagrangian

 Leads to low-energy predictions for
neutrino mass and mixing parameters

» Presence of dark particles (odd under
remnant Z, after SSB): fermion f and
scalars i,

CP symmetry

« Lagrangian is required to be CP invariant which makes all couplings real

* CPis spontaneously broken by the complex VEV of ¢ and is successfully transmitted
to the leptonic sector
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Scalar sector and spontaneous CP violation

Scalar potential contains:

/
V, = mg |a]” + %" o)t +m? (0 + 072) + )\2—” (o* +0*)
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Scalar sector and spontaneous CP violation

Scalar potential contains:

/
V, = mg |a]” + %" o)t +m? (0 + 072) + )\2—” (o* +0*)

CPV solution to the minimisation conditions
0
uet

<¢0>:%’ (m2) =0 <A0>=%,<o—>= 75

\

cos(20) = —2;”23\,
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Scalar sector and spontaneous CP violation

Scalar potential contains:

/
V, = mg |a]” + %" o)t +m? (0 + 072) + )\2—” (o* +0*)

CPV solution to the minimisation conditions

U 67,9

<¢0>:%’ (m2) =0 <A0>=%,<o—>= 75

\

cos(20) = — 5557

4 . )
Higgs triplet, doublet and singlet
VD pa (®TAim®* 4+ H.c.)

Naturally
2 small triplet
W~ — V2/av VEV
T 2 2 2
V2AA3 + U AAs + 2mA
0 h .
R 1 We consider triplet
or | =K | ho decoupled from

o1 hg remaining states
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Scalar sector and spontaneous CP violation

Scalar potential contains:

AI
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CPV solution to the minimisation conditions
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V2

T
cos(20) = — 5
N\
Higgs triplet, doublet and singlet Dark sector: two inert doublets
V> pa (®TAirn®* + Hec.) + g+
Naturally T\ _ R (1 Charged lepton
9 small triplet 77+ S flavour violation
~ V2pav VEV 2 2
e X + 2m2
VZAAZ T U AAg + 2MA 0
77%{1 S1 Neutr
0 eutrino mass
PR hi We consider triplet 77%2 =V 52 generation and
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o1 hg remaining states Mo 84
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Neutrino mass generation

_ __ L o 1 _
—Lyak. =LY e+ 05 Y N2 AL + LY i f + 0L Y 570 f + Y1 ofcf+H.c.
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Neutrino mass generation
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Neutrino mass generation

_ _ S . 1 _
—,Cyuk, = ELYE o CR -+ EEYAiTQAEL + ELY}nlf -+ ELY?‘an -+ §yf O'fcf H H.c.
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Neutrino mass generation
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Neutrino mass generation
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Neutrino mass generation
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Effective neutrino mass matrix
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Neutrino mass generation
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Effective neutrino mass matrix
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Compatibility with neutrino data

FuMpy? +V2wyi e ™ FioM;yey, 0
M, = : Foo My yﬁ V2wyse ™"
. 0

High-energy parameters
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Compatibility with neutrino data

FuMyy? + 2wy, e

FroMy yey,
FooMyy?

0
V2w yse
0

(>

High-energy parameters

—_—

MV =U" diag(mla ma, mS) UT

Matching

Low-energy parameters

Global fit of neutrino

oscillation data

Salas et al. (2020),
Esteban et al. (2020),
Capozzi et al. (2021)

Parameter Best Fit +1o 3o range
612(°) 34.3 £ 1.0 31.4 — 37.4
f23(°)[NO] 49.26 +0.79 | 41.20 — 51.33
fo3(°)[TO] 49.4670 59 41.16 — 51.25
013(°)[NO| 8.537515 8.13 — 8.92
013(°)[10] 8.581012 8.17 — 8.96
§(°)[NO] 194133 128 — 359
5(°)[10] 28471320 200 — 353
Am3, (x1075ev?) 7501022 6.94 — 8.14
Am3,| (x1073eV?) [NO 2.550-02 2.47 = 2.63
31 0.03
|Am3, | (><10_3 eVz) [10] 2.457502 2.37 — 2.53
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Compatibility with neutrino data

MV =U" diag(mla ma, mS) UT

FuMpy? +V2wyi e ™ FioM;yey, 0 —
M, = FaaMyy? V2w yse 0 || (——
: 0 Matching

High-energy parameters

The presence of two texture zeros
in the neutrino mass matrix leads

Low-energy parameters

Global fit of neutrino

oscillation data

Salas et al. (2020),
Esteban et al. (2020),
Capozzi et al. (2021)

to testable low-energy constraints Paramotor Bost Fit L1o 30 range
< x 0 612(°) 34.3 £ 1.0 31.4 — 37.4
zem 5B |0 ox x|, f93(°)[NO] 49.26i0.}79 41.20 — 51.33
0 fa3(°)[TO] 49.4670:50 41.16 — 51.25
0 x 015(°)[NO] 8.537515 8.13 — 8.92
ZET LBy | . 0 x|, 013(°)[10] 8.581011 8.17 — 8.96
% 5(°)[NO] 194133 128 — 359
0 0 x 5(°)[10] 28471320 200 — 353
ZET AL x o x Am3, (x1075ev?) 7501022 6.94 — 8.14
X | Am3,| (x1073ev?) [NO] 2.5510.%2 2.47 — 2.63
Alcaide, Salvado, Santamaria (2018) |Am3, | (><10_3 eVz) [10] 2457003 2.37 — 2.53
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Compatibility with neutrino data

MV =U" diag(mla ma, mS) UT

FuMpy? +V2wyi e ™ FioM;yey, 0 —
M, = FaaMyy? V2w yse 0 || (——
: 0 Matching

High-energy parameters

The presence of two texture zeros
in the neutrino mass matrix leads

Low-energy parameters

Global fit of neutrino

oscillation data

Salas et al. (2020),
Esteban et al. (2020),
Capozzi et al. (2021)

to testable low-energy constraints Paramotor Bost Fit L1o 30 range
< x 0 912(") 34.3 £ 1.0 31.4 — 37.4
0 fa3(°)[TO] 49.4670:50 41.16 — 51.25
0 x 015(°)[NO] 8.537515 8.13 — 8.92
ZET 5By [0 x|, 013(°)[10] 8.587513 8.17 — 8.96
% 5(°)[NO] 194133 128 — 359
0 0 x 5(°)[10] 28471320 200 — 353
ZET AL x o x Am3, (x1075ev?) 7501022 6.94 — 8.14
X | Am3,| (x1073ev?) [NO] 2.5510.%2 2.47 — 2.63
Alcaide, Salvado, Santamaria (2018) |Am3, | (><10_3 eVz) [10] 2457003 2.37 — 2.53

Predictions for lightest neutrino mass and effective

Majorana mass

Normal Ordering (NO):

_ |2 2 2 9
mpp = |cfacts my + sTycts mo
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Neutrino sector predictions
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Neutrino sector predictions

o X O

X X
Case Zg “ NO ZEH 5 By ( X ) (M,)15 = (M,)33 = 0
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Neutrino sector predictions

x x 0
e—n e—p .
Case Zg " NO Zg " =By | . x X (My)lg = (Mu)33 =0
0
6 and 0,5
2-0 v T v ‘)‘-'j v T T \
: ‘,’ e-pu ‘\‘ ‘|‘|
1.5¢F (I 28 (NO) A\ﬁ\ 7
& 1.0 . vdata+\‘\_ - .
= - Model: T e
I le
- Ml 2o |
0.5 | W 3o |
F b, =4.79)
[ v data only U
oot—r—————
40 45 50
6,

» Sharply predicts § ~ 3m/2
and selects second octant
for 6,3
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Neutrino sector predictions

Case Zg “ NO

6 and 0,5
20—
3 oMoy SN
1.5} 8 ( ) /’ ;\ﬁ‘ ~
& 1.0 vdata+ . ]
S - Model: T s
I le
- Ml 2o
0.5 | M3 ]
[ ebf(x,=479)
Lo v data only JppTT
oo—— e
40 45 50
6,

» Sharply predicts § ~ 3m/2
and selects second octant
for 6,3

0
Z&HM 5By | . x X
0

Lightest neutrino

mass
1.60 S
7N NO) o
1.55¢+ ;:_r
k 1.50 F &
3 =
145} = - =
5] ) <
I = g v,
140 bt
10 10 10 10
mlightest (meV)

* Lower limit ~ 40 meV (3 o)
now being probed by
cosmology

» Upper limit ~ 60 meV (2 o)
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Neutrino sector predictions

x x 0
Case Z: * NO ZER By | . o x x (M, )13 = (M,) 0
8 8 0 v)1l3 — v)33 —
5and 0 Lightest neutrino m
23 mass kB
2.0 ey 160 [— e 10° e ' —q10°
[ k [ Z, " (NO) O ] § l J '
: - ,‘,l ) I /M : :
st Z,"NO) /& 1] 1.55F 2 : TH | ! i 110°
| ’ g [ i: o
5 —~ =z O %
\ S ' v L . > : 'r_;‘ =
L \ \ | oA — ] 1 r L ] 1
e 1.0} vdata+ . NN S & L50F 5 _ E 10F “ N 710
= [ Model: 7T o 1 % I T ﬂ & Ot A ‘
I lo = = > = [ E:
05l :ga ] 145} = = 2 10"} 2 110’
ag LY - L <
r , i) Q < b A
[ oebf(y, =479 ] I g g 4 [ e-u
[ v data only ] ' el =l ] -l Z*f (NO). R ST U R 1 -1
0.0 R R TR MR RN 1.40 5 — """'] — """'2 — ""‘13 1010.1 10:) 101 l02 103 10
40 45 50 10 10 10 10
0,0) Mg (MEV) i (1Y)

* Lower limit ~ 40 meV (3 o) » Current KamLAND-Zen 400
now being probed by

cosmology

» Sharply predicts § ~ 3m/2
and selects second octant

almost excludes this case,
for 6,3

- Upper limit ~ 60 meV (2 o) will be tested by near-future

0vB B experiments
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Charged-lepton flavour violation
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Charged-lepton flavour violation

Cases Type-II seesaw | Scotogenic

Zg 1) | T = putee [ — ey, i — 3e, — e conversion
ZT 3) |77 s uTee T — ey, T— 3e

i )| 7T —=etuT T | Ty, T 3u
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Charged-lepton flavour violation

Cases Type-II seesaw | Scotogenic Parameters Scan range
Zg" (By) |77 = utee [ — ey, p— 3e, ;L — e conversion My [10,1000] (GeV)
2 .2 2 2
ZeT (B3) |7 —outee T — ey, T — 3e My My, [10%,1000°%] (GeV?)
_ 6 103 (Geo
ZET O O(Ay) | 7T et | T py, T 30 |tz [1076,10%] (GeV)
[Aal, [Aaly [A5], [NG] ] [1072,1]
| As] [10712,1]
10_4 ;m.‘ T T Ty Ty -----E S ””-;
10
10%F 5 ]
= 107y |
? 12 MmE : 1
4 10 :rMITG . :
T L T e B
107F 2 ]
107 o = 3
2 Z
10'20 §r.....l‘ R PR .J‘%& T Zﬂ.‘.a.....d sl ...J....J...J..._l...}
10% 10" 10" 10" 10" 107 10"
BR(1>3¢)

« Large fraction of parameter space is excluded by current cLFV constraints
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Charged-lepton flavour violation

Cases Type-1I seesaw | Scotogenic Parameters Scan range
Zg" (By) |77 = utee [ — ey, p— 3e, ;L — e conversion My [10,1000] (GeV)
2 .2 2 2
ZeT (B3) |7 —outee T — ey, T— 3e Mo Mg, [10%,10007] (GeV?)
ZETT (A | T o etpuT | Ty, T 3p [112] 107, 10%] (GeV)
Aale [Aal, (A5l IXG] | [1072,1]
| A5 [107121]
10_4 :r'""ﬂ b B R R | ""-g'"-ﬂ b B B Rk Rk Ik R I I R | II”-‘””_; E'----H-u URAALLL BELRLALLL BERLRALL BELRLRLLL BNLAURALLL LR LLL BLRRALL | ”““_Z ; T T L T T T T \é 10_4
107 110°
3 . 1 r 1 F 1
107 10"
r : 1 £ 1 F 3,
= 10"} : { ¥ i10™
T2 EMes 5 1 v 1r 1 0
% o pMEGTT T | pMEG T T T
10" = 1 | L 10"
3 HE) 3 r 1 F L
10" i 2 1 iF 110"
-20 §r.....h il ool v ovd 1o .J. %& AT Eﬂ sl ool vonsd vuieed vied ool u...} ;’ -é r EXCluded by LEP -é =20
10 22 -19 -16 -13 -10 -7 -4 e B 7' '5' el S ' '1 ’ 1 "'2 . ‘310
10— 10~ 10~ 107 10~ 10 10 qg 10 10 10 10" 10 10 10
BR(]J.—)?)C) Ye yl.l I’I’lS; (GGV)
« Large fraction of parameter space is excluded by current cLFV constraints
+ Scotogenic cLFV processes are mediated at loop level by dark charged scalars
2
4 2 m?2 2
BR(u — ev) 10 [ 70 GeV . 2 2.2 M3 S M5
10 % 1018~ 1.98 x 10 —— | sin"(20)y:y, |9 5 - —-9 5
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Scalar Dark Matter
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Qnh

Scalar Dark Matter

Relic density

T
Planck ]
'§
4
i
P D, ’ Ds 5
10 D ;
10° ]
o7 LExcluded by LEP| D2 J
10' 10° 10°

mg (GeV)

The case of scalar DM:

lightest neutral scalar S,
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Scalar Dark Matter

Relic density

T

]

Planck ]

3

1

i

s D » Ds E
10 D :
10° 1
o7 LExcluded by LEP| D2 J
10' 10° 10°

mg (GeV)

The case of scalar DM:

lightest neutral scalar S,

51 51
- -

N P N -
~ P N P
~ - ~ -
~ N

|
h: zZ
|
3 q

WIMP-nucleon ¢ (sz)

WIMP-nucleon Sl elastic
Cross-section

10" -

10" i

10"k 1

10 10
mg, (GeV)
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Scalar Dark Matter

Relic density The case of scalar DM: il el o) elesne
cross-section
. T lightest neutral scalar S; o
3

Planck 1 S 5 5 S PTE\

1 ~ - .~ - 2

ri: 15 \\\I,l’ \'\\ ’/l J‘b

10° Di » 5 > 1 /\ %
10° 4 7 q a q ) 5 ;
o LExcluded by LEP |, D. , E ~ _
10 10* 10° 10’ TS 10°

mg (GeV) mg, (GeV)

Direct Detection + LHC Higgs data
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Scalar Dark Matter

WIMP-nucleon Sl elastic

Relic density The case of scalar DM: '
Cross-section
. 1 lightest neutral scalar S, o
Planck 1 s, S S S, FE
; . . .~ - 2
S ] l g
h z E
10-5 D, » b, Ds _; /\ %
10° i 1 7 ! 1 ; R ]
o7 LExcluded by LEP| D e ~
10! 10* 10’ 10’ T 10°
mg (GeV) m, (GeV)
) L Direct Detection + LHC Higgs data
Higgs invisible decay
. BR(h1 — inv) < 0.19
= :
Qﬁ 4
0 ]
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Scalar Dark Matter

WIMP-nucleon Sl elastic

Relic density The case of scalar DM: :
Cross-section
. 1 lightest neutral scalar S, o
] 10
; _ Io—u
Plancké 5 _ & s _ K “5 10
e .; \\\"|”11 \\\\ ’/” 7}0 ]045
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Thank you !
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