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Introduction: Massive Neutrino Il

& Neutrinos are massless in the
Standard Model. @ @
—_—

= Neutrino Oscillation = Neutrinos

are massive. \ /
®» Neutrinos tiny mass and mixing are @

long standing puzzle = “Leptonic
flavor puzzle”.

Non-abelian groups "Flavor symmetries” provide a deeper

understanding of this puzzle. (S3, A4, Sa,As, A(27), etc.)
Ma and Rajasekaran, hep-ph/0106291 Babu, Ma, and Valle, hep-ph/0206292
Altarelli and Feruglio, hep-ph/0512103



The Dark Matter ??

Estimated matter-energy content of the Universe

& Discrepancy between observed
galaxy rotation curves and the
theoretical prediction.

®» The Planck satellite data tells that

there is ~ 26.8 % dark matter (DM).
Aghanim et al., 10.1051/0004-6361/201833910

The absence of a cosmological DM particle in the SM raises another
significant concern.
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The Scotogenic Model

®» There are various theoretical models to generate the neutrino
mass and explain the DM stability.

®» The Scotogenic model proposed by Ma is minimal extension of
SM which provides a possible connection between neutrino mass

generation and DM stability.
Ma, hep-ph/0601225

P P
®» Two BSM particles scalar
and fermion N are introduced. et
®» The Z, symmetry on top of n. 17
SM symmetry = DM 3 @ N
stability. o T
L, N TN Lj



Neutrino Oscillations: Two mass scales

& From the neutrino oscillations we

infer neutrinos are massive but no normal hierarchy (NH)  inverted hierarchy (IH)
information about mass ordering: " —— . |
Normal or Inverted. = ’
A,
= Till now we only know that there are T

. __’/:IV\ N V3
two mass scales: atmospheric and "
solar.

The typical neutrino mass models or scotogenic models fail to provide
an understanding of these two different mass scales.

Recently, scoto-seesaw mass mechanism has been proposed which
explains the two different mass scales observed in neutrino
oscillation data while preserving the outcomes of the scotogenic

model.
Rojas, Srivastava, and Valle, 10.1016/j.physletb.2018.12.014
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A Unified Model ??

X The scoto-seesaw models do not address the flavor structure
of neutrino oscillation: The pattern of mixing angles !!

= Hence, even the most simple and elegant BSM models require
the addition of at least a new dark as well as a flavor symmetry,
along with the expansion of the BSM particle content, to
account for DM and to explain neutrino mass and flavor
structure !!

We develop a simple framework with minimal particle content,
that can explain the DM stability, neutrino mass generation, and
flavor structure of the lepton sector along with the two mass
scales of neutrino oscillation experiments using only a single
flavor symmetry.



Our Proposal

& We have employed a A, flavor symmetry on top of SM

symmetry.
| Fields [| SU(3)¢c ® SU(2), @ U(T)y | Ay — 27y |
L (1,2,-1) 1,717, 17) = (+, +, +)
er, (1,1,-2) (1,7,1) —= (+ + +)
o} (1,2,1 1T+
n (1,2,7 3= (+ - —)
N (1,1,0) 3= (+ — )

=» The particle content of our model is similar to the scotogenic.

= The BSM particles, scalar n and fermion N are triplet under A4
while all the SM particles are singlets of Ay.

=» \We have utilized the fact that Z; is a subgroup of A4 which can

serve as a dark symmetry.



Yukawa Lagrangian and Scalar Potential

—Ly = y1(L1)16(e1r)r + ya2(La)1vd(ear)r + yaz(La)rd(ear)
+ y1(L1)1(0N)1 + y2(La)1e (0N )1 + y3(Ls) 1 (nN )1»
+ M(N°N); + h.c.

V= 2ntn+ pdete + Mlefelf + delntald + Aslnolvitalie + Aalntafly fonlie
+ Al Tl + At lalnls + Ao (In'nls, b ale, + hec.) + Aol nls, i),
+ Xs[ntntls, s, + Ao ml1[676] + Aw[n'¢ls,[6nls, + Au ([n*rﬂhm + h-f-)
+ A1 ([WTT]TJSI[T]rp]ﬁl + h-C-) + M ([WTT?TJSQ[WHsl + h-C-) + A ([WTHJ31WT¢+ h-C-)

+ A5 ([WTTj]ﬁzfjfrﬁ + h.c.) .



Scalar Mass Spectrum

miy g, = vl + Avg F \/()\wf + Avd)? + v (a? —4AN),
m% = —2A1 (vf + vg) . mhi=0,
mie = — (Ao + 2A11) (0 +03) /2, mEs =0,

mig = (ko3 — 3Cv1vg) /2, mié = (Kavi — 4A03 — (o) /2,

2

— 2 2
Me = 1 x + 3(vvy, m

nj

mii = (k3vh — (A1o + 2Ma1)2f — (i) /2, mii = mii + (vyvg .
2 3 2

2
Myt + Cuyvg ,

A=+ A3 +2M\ + A5,

\'s have perturbativity limit, r = (=3Xg — 6AL + 20 + A7 + Ag),

>\ S v 47T' . Ka = (—3,\3 — 2A4 — 4)\5 — 2,\5 —I— ,\7 —|— )\g) 3
It implies scalar masses in ]

this model, mg ~ 600 GeV Ry = (=3h = 4 = 245 + As)

so as DM mass. a = Ag + Mg + 2A11,

C=Ma+ Mg+ Mg+ A5
10



A, — Z, Breaking

. @)+ @)
» The A4 symmetry is broken to S e
. X X
residual Z, symmetry by the VEV of . : :
) ( () (m\i \m?ré
= All the SM particles behave even ot S S
under Z,. Since they are singlets of T e A, TG @ e
A R +
4. / | @ )@
» The BSM particles being triplets of A4 .5 &~ & &, o
My " ‘~\ LA
can have odd charges under Z, ) 9 )
symmetry. T A D
++4+) () =) s

The VEV alignment (n) = (v2,0,0)7 leads to the Ay — Z»
breaking. The triplet components have the following
transformation under the residual symmetry

N = Ny = +m,
Nys — —Nj3, M3 — —123.



Neutrino Mass Generation

Once the 7 develops VEV the loop breaks into two pieces as
shown: tree level seesaw and scoto loop.

@) @@

s e G b

» Neutrino mass is generated from this Sy o, R
hybrid mass mechanism known as (‘3);’” <5> \“:'3) =

) (@) (+) ) (@)
scoto-seesaw mass mechanism. e b g
(1,1,1") (3) (3) (f 1,17 n;z/,;y
&,

L; Najs Nys L;
4 () (=) (+t)
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Neutrino Mass Matrix
At the tree level the seesaw contribution is given by

yve 00
mp=|ypv 00|, M=
y3v2 0 0

» Rank of matrix m is 1= only one neutrino is massive at tree
level.

00 YI0Z y1yav3 yrysvl
1 _ 1

Mol = ml=-L| 333 gyl

0 M * * y3vs

ER=I<

®» Remaining two neutrinos masses can be generated at one loop
level given by mf,z)

yidi y1yads y1ysds

2
m? = | « yads  yoysdy
* * ygdz

13



Neutrino Mass Matrix

Combining the tree level and loop level mass matrices the final
form of neutrino mass matrix is given by

A C C*
mE,TOT)= C B D
C* D B*

» The neutrino mass matrix m{’°" features the generalized y — 7

reflection symmetry.

14



Neutrino Mass Matrix

Combining the tree level and loop level mass matrices the final
form of neutrino mass matrix is given by

A C C*

m O =toBol | (559

» The neutrino mass matrix m{’°" features the generalized y — 7

reflection symmetry.
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Cont...

di=ci+e+es, dy=c1+wep+wies, dy= e +wle +we.

In the y, = y3 limit it produce the exact pu — 7 reflection symmetry
which predicts, 63 = 45° and 6cp = +7/2.

15



Nu Sector: Generalized . — 7 reflection symmetry

2T

Our model aligns with normal
ordering of neutrino masses.

The generalized  — 7
reflection symmetry shown by

|

0.5
blue and green color. f
The octant of the mixing T T
angle a3 623 [deg]
B I B A o e o
Y2 <y3 = 3 < 45° . 3
50— & A
Y2 > Y3 = (3 > 45°. e + 27
£ L ]
3 E
Majorana phases are also sl ¢ 4 2
correlated in our model with C ]
i (I R AR AR A
the DlraC CP phase 0. 0. 0.25 0.5 0.75 1.

L T
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Nu sector: Lightest Neutrino Mass and 0vee Decay

39 3

o The my has a lower limit in our
model while concerning the
mixing angle 61, values in its
30 value.

o The Ovee decay is a robust

612 [deg]

6.5

way of searching for lepton ' my [107%6V]
number violation and o -'
. . E  KamLAND-Zen ("**Xe)
Majorana nature of neutrinos. E N
o This narrow region of (mMee) is T umen 5
due to the constraint value of £ - z
neutrino masses and the 1 3
Majorana phases. 5 | | |
10 107 10 107!
my [eV]

2 2 2 2 9 2 9
|[Mee| = |C75CT3M1 + S75C13€ P2m, + S33€ ¢13m3|



Dark Sector: Fermionic DM x

o Inour analysis we have found that the fermionic DM case is not
allowed if we consider the 3¢ allowed ranges for the two mass
squared differences of the neutrino oscillations.

0.001

104 : steds

Fermion Mass i +
[in GeV]
-5

107 (wm<s0

W 50<M<200

[eV?]

1078

2
'sol

Am,

107

1078

- B . RN
0.001 0.010 0.100 1
Am3, V7]

1079t

= Here, we can infer that both the mass squared differences
observed in neutrino oscillations can not be fit together.



Dark Sector: Scalar DM v

The model prediction for scalar DM

108
ma —3

W Over abundance _J
W Qh? by Planck
M Under abundance

® Over abundanc
® Undor abundanca
5] | @ o by Planck
]
® oh by Planck, LEP
and LHC Constrants

oh?
'WIMP-nucleon ¢ [cm?|

m,z[GeV]

®» The magenta points which lie below the LZ line are allowed points
and the range is from 20 GeV to 80 GeV.

= |mposing the collider constraints from LEP and LHC will further

constraint this allowed mass region of DM candidate in
55GeV < m,e < 80 GeV.



Final Remarks
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Final Remarks

The emergence of Z, and hybrid mass mechanism from A,4
known as scoto-seesaw. This explains the two mass scales of
neutrino oscillations.

In the neutrino sector, we find that the model aligns with the
normal neutrino mass ordering and predicts a small range
along with a lower bound on the lightest neutrino mass.

The predicted flavor mixing patterns exhibit a generalized ;. — 7
reflection symmetric flavor structure.

Precise prediction for neutrinoless double beta decay.

The experimental constraints coming from neutrino oscillation
rule out the possibility of having fermionic DM.

The allowed parameter space for scalar DM mass to be in the
55GeV < m,e < 80 GeV range.

In summary, our explicit model is highly predictive with its
predictions testable in various neutrino sectors as well as dark
matter experiments.

20



Thank you for your attention !!
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Back Up (Fermionic DM)

1078

-1
W am-= W Am=20-40
W Am=10-20 [HAm=40-60

*

10?

M, [GeV]

0.001

1078

Fermion Mass
in Gev)

0.001

10 0.100

Aam?,, [eV?]
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Back Up (Loop Mass)

YieVie

2 2
(M) = My (m:)z In 1{{ — % In méz .
VAT 9942 (m{{.)? — M7 M, (mé‘):z YR A

Because of A; symmetry in our model, we have [ = k. We express the mass matrix as

3
(Ml’)lJ = Z YuYjex .
k=1

where, Y. and Yj;. are Yukawa couplings at one-loop level, and

o= 3272

My (mf m:i‘; ! (m:ik)z mf?k !
(mf )2 — M? In M, - (m! )2 — M} In M, ’
T Tk ke Tk

)2

di=cr4+e+ e, dy = 4+ wes+wles, dy = e+ wle +wes.

2 v3

A= yl dl — m .
3

B=y: (dg - ﬁ) .

c U
C=anyp | dp——— ),
Y2 2 oM )

v2
D =yays | dh — o )
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Back Up (A4 generators and Z, subgroup)

1 0 0 010
S=10-1 0  T'=|1001
0 0 -1 100
1 0 O ai ai
0 -1 0 an = —ag
0O 0 -1 as —as
v v
1 0 O 5} 73
0-1 0 0 = 0
0 0 -1 0 0
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