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Motivation

The Standard Model cannot explain:
« Neutrino flavour oscillations (imply existence of neutrino masses and lepton mixing)

+ Observed dark matter abundance

Straightforward and elegant solutions:

Type | Seesaw Model Scotogenic Model

Minkowski (1977), Gell-Mann et al. (1979), Yanagida (1979),

Glashow (1980), Mohapatra et al. (1980), Valle et al. (1980) Ma (2006)
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Our solution:
Consider a model where both mechanisms contribute to neutrino masses with a single discrete symmetry to

accommodate: neutrino oscillation data, dark matter stability and spontaneous CP violation
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Simplest scoto-seesaw mechanism

Simple and elegant model where the atmospheric mass scale arises at tree level from the type-I

seesaw mechanism and the solar mass scale emerges radiatively through a scotogenic loop

Particle content:

=] n f

Su(2), 1 2 1
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Rojas, Srivastava, Valle (2019)
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Generates the atmospheric  Generates the solar
neutrino mass scale neutrino mass scale

YY)

Mg

Effective
neutrino mass:

Y- + F(Ms, my, my MY YT

v

Predicts one massless neutrino
Accommodates neutrino oscillation and LFV data

Provides a viable WIMP dark matter candidate

But lacks in predictivity!



Adding spontaneous CP violation

The number of parameters can be reduced by requiring the Lagrangian to be CP symmetric and

invoking a spontaneous origin for leptonic CP violation

Introducing a new scalar singlet with complex VEV: (o) = ue'’
1 1 _ ® ®
E(ygcr + YrO*)URVE + E(ny' + yro*)ff° + H.c. \\ /,’
l SSB /—,zi—,:,—\
|Mg|erDgg + |My| e ff¢ + H.c. . I .

: : Y)Y
At the effective level: M, = —v2e/% %) L o F(|My|, m,., m, )| M¢|YeY]

M -

M| The minimal scoto-seesaw
: : : : } model provides a template

- CPV is transmitted to the neutrino sector provided that ¢ + k7 (k € 7Z) and vz # Va s o) et R

- Aminimal scalar potential which allows to implement SCPV must contain a phase matter and SCPV!

sensitive term of the type ¢ + H.c. Branco et al. (1999, 2003)
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Adding a discrete flavour symmetry

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

Consider the most restrictive textures for Y,,, Y; and Y, realizable by minimal
discrete flavour symmetry in order to maximise predictability

Particle content: Contributions to neutrino masses:
Fields  SU@L@U()y 257 — 2 ’ N J v \\ J ’
Le (2,-1/2) w8 = —i — +1 e Tree level: ) — ( p ” : (
" L, (2,—-1/2) w? =1 +1 A B A0 TN
I5 L, 2,—1/2) Wl = —i — +1 L ’ : : L
E . a T
5 vh (1,0) Wl = —i — +1 . ; . N S
LL 1/2 (1 0) wo — 1 — +1 *\ x _x s ¢\ X J'. X ®
R ’ = 7 e \?/" “\Y;
f (1,0) w? — —1 « One loop: n( \\yn n*f yr
® (2,1/2) WO =1 +1 \ , \ ,
n L f f L L f f L
3 o (1,0) w2 =i — +1 ' ;
3 n 2,1/2) WS — —1
X (1,0) W3 s 1 Allowed Yukawa and mass matrices:
(®) = v, (0) = ue”, (1) = (x) = 0 X 0 0 Mot i wi 0w
"Zg " and Z§" 7 are other possible charge Mz e Mz
X3 0 Vo Wy 0 Ws

assignments, with decoupled 7 and e, respectively

Débora Barreiros — NBIA PhD Summer School on Neutrinos — July 5, 2021 5



Scalar sector

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

Fields  SU@). ® U(1)y T, 2,
) Scalar Potential \ Le (2,-1/2) Wb = —i— +1
\ \ \ L, (2,-1/2) WO=1—= +1
V=moid+ mf,nTn +meoto + mix*x + ?1(43“1))2 + Ez(ffrn)z + 33(0*0)2 % L, (2,-1/2) Wt = —i = +1
Mg € vh (1,0) Wb = —i — +1
+ ?(X*X)2 + As(®TD) (1) + +A5(®T) (0T D) + Ng(®TD) (07 0) + A7(®TD)(x* ) L V3 (1,0) WO =1 +1

* * * * f 1,0 3 *1

+ 261" 0)(070) + A0 M(XX) + Molo o) (X" X) 1.9 —

\ 2 ., ) (2,1/2) w=1—= +1
+ (7304 + ?‘"02 +p1X20 + pon O + Ayndoy + H.c.) T o (1,0) W =i— +1

\ ) S U (2,1/2) Wb — —1

)
X (1,0) w? — —1

From the minimisation conditions for
(®)=v, (o) =ue?, (n)=(x)=0

} ) : Other conclusions:
CP violating solution:

- Zg — Z, after SSB, preventing the neutral dark scalars

o M Ao o e Ay o cos(26) = — mg to mix with the neutral non-dark scalars:
*T 2 2 72 2 ’ 2V ixi
3 — ¢ — o mixing
ini 4 UAN2)/(ANL) > 0 N
corresponds to the global minimum for (M) — u*Ay)/(4X3) > _ n—y mixing
— degenerate dark charged scalars n*
Existence of a non-zero vacuum phase at the - The lightest of the mass eigenstates resulting from the
potential global minimum = 0 # kr is allowed! n —y mixing is a dark matter candidate along with

the dark fermion f
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Low-energy constraints

Allowed Yukawa and mass matrices (for Zg 7):

x; 0 . w: 0 w

1 0 My =10 34 1 2

Yo=|10 x Mg = i Yr=1]0 Y= 0 ws 0
Mo e Moy

X3 0 Yo Wy 0 W

At the effective level:

M, = —v2Y, M5"Y] + F(My, ms)MiY,Y]

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

2 2 2
s VM o, s veM. i6
( F (M, mg) My yy + e, xie M, 1% F(Ms, ms,) My y1y2 + M, X1X3€ ) * Azero in the effective neutrino mass matrix
_ ) v2 ox arises as a result of the imposed symmetry
- ' My 0 : . .
2 «  Contribution of the scotogenic loop is crucial
V2 M, . i
\ : : F(My, mg) My yZ + M222 x5e" ) to ensure the existence of CPV
12
In the charged-lepton mass basis: e.g. for Z5~":
M/, = UTM, U, = U*diag(m;, m, ms)U! cosfe 0 sind;
v ¢ 3
Uy, = 0 1 0
/ l \ —sinf, 0 cosb,

(M))11 =0for Z§7

(M)20 = 0 for Z§7 (M.)33 = 0 for Z5 *
(decoupled electron)

(decoupled muon) (decoupled tau)
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Neutrino oscillation data

Global fit of neutrino oscillation data: Normal Ordering (NO):
Normal Ordering (best fit) Inverted Ordering (AX? = 9.1) © My = Mightest
bfp £10 30 range bfp £10 30 range 5
© Mp = mﬁghtest + Ams,
612 (°) 343+ 1.0 31.4—37.4 343+ 1.0 31.4—37.4 pr N
° Mg = . +Am
623 (°) 48.79°9% 41635132 4879704 41.88 —51.30 ° \/ lightest 3
° +0.11 - +0.11 - .
013 (°) 8.58%1% 8.16 — 8.94 8.6370L 8.21 — 8.99 Inverted Ordering (I0):
é/m 1.20%0.23 0.8 — 2.00 1.54+0.13 1.14 —1.90
. o M3 = Mightest
AmE (x107° eV?) 7.50%22 6.94 — 8.14 7.5010.%2 6.94 — 8.14
Y - = /M2 +|Am3 |
—3 4\2 +0.03 o M lightest 21
|am? | (x1073ev?) | 2567005 2.46 — 2.65 2.46+0.03 2.37 — 255

- 2
Salas et al. (2020) © Mg = \/mﬁghtest + Amgy + [Amgy|

(M) = (U*diag(m, ma, m3)UT"); = 0

Lepton mixing (standard parametrisation): Rodejohann, Valle (2011)

‘ C12C13 S12C13€ 71912 Size P
U= _312C23e"¢’12 _ 0123135239—’(¢23—¢13) Ci2Co3 — S.I25133239—f(¢12+¢23—¢13) 0135239—'¢23
CorreSpOndS to two IOW-energy 3128239’(¢12+¢23) — C123130239’¢13 —C128236’¢'23 — 3123130239_’(¢12_¢13) C13Co3
constraints, testable against . .
9 Dirac phase: d = ¢13 — @12 — P23 Majorana phases: ¢13, ¢12

neutrino data!
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0,, and § predictions

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

20 i T T T [ T T T T i
i NO. ]
15- 1 L 1 F .
I vdztal+ - decoupled electron: (M/)11 =0
| Model: i
S 10 .;Z 1 r 1T : decoupled muon: (M/)z =0
: .30— i L 4 L :
05 o bE(Bm=0) 1 1t i decoupled tau: (M;))33 = 0
e ——— v data only ] | @ b.f. (X}nm = 37) 1 r® bf (Xjﬂiﬂ = O) ]
0.0 I R R T I T RS Rttt AN S RN BT — SOy
35 40 45 50 55 35 40 45 50 55 35 40 45 50 55
65:(°) 03(°) 03(")
2.0 BRI N = R LI [ 7 L T |
; i (O « 10, is not compatible with data since (M’ ) = 0
1.5 1t . e
: 11 leads to vanishing Ov 3 decay rate
R i 1 T i .
S 101 ] i e For NOg, 10, and 10, the model allowed regions
i 11 i coincide with the experimental ones
0.5F 1 b :
[ e b.f (Xhin=0) ] [ ebf (Xain=0) I » NO, (NO;) selects the first (second) octant for 03
00 FPRET YRR ST (14 DY NI, TN, TCMOAr YA G VR TN TN N LS R (Y N | [ U T SR TN NN ST SUNNT TN SN SN TR WA SR S NN SO ST ' ]
35 40 45 50 5535 40 45 50 55

03(°) 053(°)
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Constraints on the lightest neutrino mass

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

2.0 T T TTTTIT T I[I T :I TTTTT] T 1\
i 2! | | i 3 :
=Y i : r |
15+ I R - I ,
I T 1 decoupled electron: (M))11 =0
Z! ; : - | | 5
R i T o 170 B | | : )
o 1.0 E : i : - | decoupled muon: (M) =0
OB 2L o | N—
05L ; E I 1 F ] decoupled tau: (M))33 =0
o NO, L — 1 T[N —— [ e B
OO i Lol -M | ilum\ EI IIH\H\: | i Lorinl Lol 1 i\IHII| 1\ \\IHII|: \7 Lol Lol I iw_H
10" 10° 10! 10? 10° 10" 10° 10! 10? 10° 100 10° 10! 10> 10°
Miiohtest (MEV) My ghgest (MEV) Myjighytest (MEV)
2.0
[ o For NOg, the model establishes upper and lower bounds for
L5 Miightest
S 10} . o For NO., NO,, and IO, we get lower bounds for Miigtest Which
: are very close to the cosmological and KATRIN bounds
os | =i IE
10, =g O, - » For 10O, the model establishes upper and lower bounds for
O_O L Pl Lol EI taaninl il 1 ||||||lI 1 Lol 1 paninl s il il 1 ||||||l' 1- m at 10_
100 10 100 102 10° 100 10° 100 10 10° lightest
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Constraints on

L T T TTTTIf T T TTTTTd T I[IIIIII| :I IIIIIIIL i i i i [ T T TTTI] T T TTTTIy T !IIIIII| :I IIIIIIIh I_ DB, F. R. Joaquim, R. Srivastava, \J. W. F. Valle (2021)
103§ NOH ! E i i “ g NO.. i E E : 103
~ 10%°E ! L 3 : 4107 :
> : | R . N ~ mgg in terms of low-energy parameters
= C P ! 10823 F i -
= o i h | = [CEROIN B E ! | i
g 10 ] . i S N e 5 D3 10° NO: mgg = |C$20123 Mightest + S52CTa \/mﬁghtest + Amg, &%
10° g L3 o3 g
i | ; 5 i “—‘— 10: Mg = ’01220123 \/mfghtest +Am5+
10-1 L1 ||||||I‘|"| 1 ||||||:f 1 i||||||| EI 1 ||||||: 1 L1 ||||||I‘..'| Covid i||||||| ;I |||||||I: 1 10-1 82 02 m2 Amz A > 2’.¢12 o 2"¢13
10" 10 100 100 10° 10" 10 10" 100 10° 12 13\/ lghtest + Moy + | Ay [ €772 + St3 Mightest ©
Myightest (MEV) Myjghtest (MEV)
108 L P | I 10° » NOg predicts mgg = 0, allowed by neutrino oscillation
g i g (= data and mgs current experimental limits
~ 10% ¢ o I . l: 4107
: 3z Z223F N ti '
2 i R . ¢ In all remaining cases the model establishes a lower
< (ol T D] % S O 8 forrmivama B 1!
§ L3 3 L3 bound on mgg
C ) ] < [ [ ]
| A |
I D] E [ D
10% 3 2 E 3107 « Current KamLAND bound nearly excludes the NO
L IOH‘ : | E ] B IO'T | : E ] cases
10-1 RN T TR R AN WUV R N A AR U 11 M W S WA T TTT S R T TT R R AU 1T/ RS A R UTT1 M R AT ATET S 10-1
ot 100 10t 102 108 ot 10" 100 102 10°
Myjghtest (MEV) Myightest (MEV)
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Concluding remarks

» We propose a simple scoto-seesaw model where neutrino masses, lepton flavour structure, dark
matter stability and spontaneous CP violation are accommodated with a single Zg flavour symmetry

» This symmetry is broken down to dark Z, by the VEV of a new complex scalar singlet o

* The complex VEV of o is the unique source of leptonic CP violation, arising spontaneously

« The generated CP violation is successfully transmitted to the leptonic sector via couplings of o to vy
and f

« The Zg symmetry leads to low-energy constraints, which translate into a neutrino texture that can be
tested against neutrino experimental data

* For NO, the predicted ranges on My, Will be fully tested by near-future Ovpp-decay experiments and
by improved neutrino mass sensitivities from cosmology and B decay

* For 10, better determination of the Dirac phase from neutrino oscillations and further improvement in
expected sensitivities from upcoming OvBB-decay experiments is required to test the model

Thank youl!
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Scalar sector of the Zg model

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)

Scalar Potential

M 10) 4 22 ()2 + 22 (0% )2 4 2

V= m2¢*¢+mnn+mza a+mXX X+2 5 >

2
/2
3 _4 J”e:r 2

+Xs(n ) (@ o) + Ae(n'n) (X x) + Mol o) (X" X) + ( ot + 7o+ X0 + pon  OX* + Ain'doy + H-C-)

4

+ 0N + As(DTR) (1) + +AG(ST0) (1 ©) + Ae(TD) (%) + A7 (ST D) (x ")

" m Ve + YR+ 1 ue” + og + io
Our scalars: ¢=(v+¢on+r‘¢m 0= | v +or+inar | x= RN o RT

V3 v v2 ve

Scalar Masses:
° m¢+ = m¢,7 = mq{,m =0

2 A5 2  As g2
-ﬁ?i_mw+2v+2u

The Zg symmetry is broken down to a
dark Z, symmetry, preventing the dark
scalars to mix with the non-dark scalars

Lightest of the M, eigenstates

is a dark matter candidate along

vZA VUAg COS VUAg Sin 6 & — o mixing with the dark fermion f
M, = (A% + N\j)cos? 0 1P(\3 —3)N;)cosOsing | e
. uz()\3+)\g)sin2€ (¢or, OR, 01)
m,,2,+)‘5%)‘év2+%u2 (“2 +";ucos€) 0 —Myysing
o M2 - m? + 32 v2 + 2002 + \/2u)yq cos § Atvusind —\V2uiusing 1 — x mixing
; m2 4 AP y2 A2 v(—%+%ucos€) (10R»> XRs ol X1)

m2 + 22V + 2042 — \/2u)\q; cos §
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Present status of neutrino oscillation data

Salas et al. (2020)

Pre-NEUTRINOZ2020

Post-NEUTRINO2020

2.0

1.5

o/n
=
e

0.5

NO

0.0"

1.5

é/n
=
e

0.5

90, 95, 99% C.L.

90,95, 99% C.L.

0.0

05
sin2623

0.4

05
sin2623

0.4
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2.0 Pre-NEUTRINO2020 B
1.5 \" ‘:\ 7] r ', * i
ST N N N N ]
\ B T ; NOVA T2K
0.5 1 ] [ ]
i 90, 99% C.L.
/ i NO 10
0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
sin2613 5in2613

Post-NEUTRINO2020

~
‘‘‘‘‘‘‘‘‘‘

7

.......

0.04

0.05 0.01

0.02

Best fit remains for NO with reduced

significance (2.70)

Mild preference for the second octant of 0,4
d is pushed towards CP conservation for NO
d remains close to maximal CP violation for IO
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0,, and o predictions

DB, F. R. Joaquim, R. Srivastava, J. W. F. Valle (2021)
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