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Introduction

AcTIVE NEUTRINOS: PRESENT STATUS

Parameters | Normal Hierarchy (NH) | Inverted Hierarchy (IH)
2

l(ﬁ";;,z 7.02 - 8.09 7.02 - 8.09
ol 2.317 — 2.607 2.307 — 2.590

sin® 01 0.270 — 0.344 0.270 — 0.344

sin? 03 0.382 — 0.643 0.389 — 0.644

sin? 013 0.0186 — 0.0250 0.0188 — 0.0251

é 0—-2m 0—-2m

TABLE: Global fit 30 values of neutrino oscillation parameters (M. C.
Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP 2014)
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Introduction

AcTIVE NEUTRINOS: PRESENT STATUS

Parameters | Normal Hierarchy (NH) | Inverted Hierarchy (IH)
i 7.11-8.18 7.11-8.18
ol 2.30 — 2.65 2.20 — 2.54
sin® 01 0.278 — 0.375 0.278 — 0.375
sin? 03 0.393 — 0.643 0.403 — 0.640
sin? 13 0.0190 — 0.0262 0.0193 — 0.0265

é 0—-2m 0—-2m

TABLE: Global fit 30 values of neutrino oscillation parameters (D. V. Forero,

M. Tortola and J. W. F. Valle, PRD 2014)
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Introduction

AcTIVE NEUTRINOS: KNOWN UNKNOWNS

The lightest neutrino mass.

The neutrino mass hierarchy: Normal (m; < my < ms3) or Inverted
(m3 <m < m2).

Octant of atmospheric mixing angle: 6,3 > 7/4 or O3 < 7/4.
Leptonic Dirac CP phase 6 .

e Majorana or Dirac.

1Recent hint from T2K: § ~ —7/2 (K. Abe et al, PRD 2015)
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Introduction

EXISTENCE OF A FOURTH LIGHT NEUTRINO?

ScienceNews
.

w tyrannosaur bridges gap fron
medium to monstrous

Reactor data hint at existence of
fourth neutrino

New process encourages ice toslip,
slide away

mission to search for

Exol o
igns of life on the Red Planet

2Measurement of the Reactor Antineutrino Flux and Spectrum at Daya Bay, PRL
116, 061801 (2016)
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Introduction

EXISTENCE OF A FOURTH LIGHT NEUTRINO?

Searches for Sterile Neutrinos with the IceCube Detector

The IceCube Collaboration
(Submitted on 6 May 2016}

The IceCube neutrino telescope at the South Pole has measured the atmospheric muon neutrino spectrum as a
function of zenith angle and energy in the approximate 320 GeV to 20 TeV range, to search for the oscillation
signatures of light sterile neutrinos. No evidence for anomalous v, or 7, disappearance is observed in either of
two independently developed analyses, each using one year of atmospheric neutrino data. New exclusion limits are
placed on the parameter space of the 3+1 model, in which muon antineutrinos would experience a strong MSW-
resonant oscillation. The exclusion limits extend to Si.llzng < 0.02 at Am? ~ 0.3 eV? at the 90\% confidence
level. The allowed region from global analysis of appearance experiments, including LSND and MiniBooNE, is
excluded at approximately the 99% confidence level for the global best fit value of [Uul%.

Comments: 9 pages, 5 figures
Subjects: High Energy Physics - Experiment (hep-ex); High Energy Astrophysical Phenomena (astro-ph.HE)
Cite as: arXiv:1605.01990 [hep-ex]

(or arXiv:1605.01990v1 [hep-ex] for this version)

3Also see Danny's talk tomorrow
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Introduction

HINT OF A LIGHT STERILE NEUTRINO

e LSND (Liquid Scintillator Neutrino Detector) accelerator
experiment, designed to study ,, — . transitions, reported an
excess of 7, events at 3.80 level (PRD 64, 112007; PRL 75, 2650).

e Such accelerator experiments with baseline L of few tens of meters
and neutrino energies E of few tens of MeV are sensitive to neutrino
oscillations occurring at Am? ~ leV2.

e MiniBooNE also observed excess of 7. and v, events at 3.80 level
consistent with neutrino oscillations in the range
0.01 < Am? < 1eV? (PRL 110, 161801).

e LSND, KARMEN, MiniBooNE and ICARUS data restrict the

allowed mass-mixing parameters to a small region around
Am? ~ 0.5eV?, sin20 ~ 5 x 1073

4Light Sterile Neutrinos: A White Paper, arXiv:1204.5379; Also see C. Giunti,
arXiv:1512.04758
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Introduction

HINT OF A LIGHT STERILE NEUTRINO

e Short baseline reactor neutrino experiments also observed similar
anomalies, about 2.80 deficit of the rate of 7, (PRD 83, 073006).

e The Gallium neutrino anomaly was also observed in short baseline
disappearance of v, in GALLEX and SAGE experiments with
statistical significance of about 2.90 (PRC 73, 045805; PRC 83,
065504; PRC 80, 015807).

e The nine year WMAP data also suggested additional light species
Nesr = 3.84 £0.40 (95% CL)(arXiv:1212.5226).

e The 2013 Planck data however, favour the standard three neutrino
picture Negr = 3.3019:37 (95% CL)(arXiv:1303.5076) which gets
updated to 3.15 + 0.23 in 2015 Planck data (arXiv:1502.01589).

e Global fit data of sterile neutrinos can be found in arXiv:1303.3011
(Kopp et al).
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Introduction

STERILE NEUTRINO GLOBAL FIT

sin 20y Amy [eV7] AxZ, o /dof (CL)

SBL rates only 0.13 0.44 (99.7%)
SBL incl. Bugey3 spectr. 0.10 1.75 ( 9.0/2 (98.9%)
SBL + Gallium 0.11 1.80 8 (87T%) [99.9%)
SBL + LBL 0.09 1.78 3.0/113 (92%) /2 (99.0%)
global v, disapp. 0.09 1.78 403.3/427 (T9%) 12.6/2 (99.8%)

Table 4. Best fit oscillation parameters and 2
a 341 framework. Except in the row labeled

values as well as Ay2, .
SBL rates onlv”, we a

include :pc-ttml data
from Bugev3. The row “global v, disapp.” includes the data from reactor cxp eriments (see Tah. 3)
as well as Gallium data, solar neutrinos and the LSND/KARMEN v, disappearance data from
ve—'2C scattering. The CL for the exclusion of the no oscillation hypothes
2 degrees of freedom (|U.4| and Am3,).

calculated assuming

F1GURE: Global fit from Kopp et. al., 1303.3011
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Introduction

LIGHT STERILE NEUTRINO

e Global fit data however, suffer from the tension between
antineutrino appearance signals and bounds from antineutrino
appearance experiments (NPB 643, 321; PLB 539, 91; NPB 708,
215). A consistent interpretation of all experimental data suggesting
a sub-eV sterile neutrino is still missing!

e |IceCube also rules out most part of Global fit data in their latest
results (arXiv:1605.01990).
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Introduction

HINT OF A LIGHT STERILE NEUTRINO

e Even if all the anomalies at neutrino experiments go away in future,
a light keV sterile neutrino can still be interesting from Cosmology

point of view 5.

e keV sterile neutrinos can give rise to Warm DM. This can provide a
solution to the small scale structure problem.

o keV sterile neutrino DM can rise to the 3.55 keV X-ray line observed
in the data taken by XMM-Newton and Chandra from several galaxy
clusters (ApJ 789, 13; PRL 113, 251301; PRL 115, 161301).

e A 7.1 keV sterile neutrino having mixing with active neutrinos of the
order sin?20 ~ 10711 — 10712 can fit the data.

5Alex, Kevork and Marco's talks yesterday
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Model Building

STERILE NEUTRINO MODEL BUILDING

e Generating a sub-eV to keV scale sterile neutrino in generic tree
level seesaw models require some amount of fine-tuning.

e Several interesting possibilities have appeared recently: Merle &
Niro'2011; Barry, Rodejohann & Zhang'2011-12; Bhupal Dev &
Pilaftsis'2013 etc. For a review, see A. Merle, [IMPD 22, 1330020
(2013); White paper, 1602.04816.

e Our approach is to forbid the tree level active-sterile mixing term as
well as bare mass term of sterile neutrino and allow them to be
generated at one loop level.

e Consider a similar radiative mass generation mechanism for active
neutrinos.

e Check if a stable dark matter candidate can also be embedded within
such frameworks: in scotogenic fashion (E. Ma, PRD 73, 077301).

13 /50



Model Building

SCOTOGENIC MODEL

The original Scotogenic model has an additional Higgs doublet 7 and
three singlet neutrinos Ny odd under a Z, symmetry. The light neutrino
mass arise only at one loop level:

The lightest Z> odd particle is stable and can be a dark matter candidate.
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Model Building

ABELIAN VERSION OF SCOTOGENIC MODEL

e |n order to have light active and sterile neutrinos at one-loop level, a
symmetry higher than Z; is required, as Z, itself can not prevent a
tree level sterile neutrino mass term.

e We choose an extra U(1)x gauge symmetry which gets
spontaneously broken down at a high scale to the standard model
gauge symmetry.

e The extra fermion content is chosen in a minimal way required to
cancel the gauge anomalies.

e The transformations of the fields under the U(1)x symmetry are
chosen in such a way that three active and one sterile neutrino
masses arise only at one loop level.

e |t is also made sure that there remains an unbroken remnant 2
symmetry which stabilises the dark matter candidate.



Model Building

ABELIAN VERSION OF SCOTOGENIC MODEL

o Let the U(1)x charges of (u,d)., ugr, dr, (v,€)1, €r be M 2345
respectively.

o Consider ny copies of singlet fermion N and ny copies of SU(2),
triplet fermions X such that ny + ny = 3, minimum required to give
rise to three light active neutrinos in both tree level as well as
radiative seesaw.

e Both N and X are assumed to transform as ng under U(1)x and
have zero U(1)y hypercharges.
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Model Building

ANOMALY CANCELATIONS

With this choice of U(1)x charges, one can write the anomaly
cancelation conditions as (Adhikari, Erler, Ma, PLB 2009)

[SUB)J?U(L)x : 2n —ny—n3 =0

9 3
[SU()JPU(1)x 5m + 5~ 2nyne =0

[UQ)y]PU()x %nl - gnz - %n3 + %n4 —ns =0
UL)y[U)x]? @ nf—2m+n2—ni+ni=0
[U(L)x]* : 3(6n —3n —3n3 +2n; — ni) — (3ns + ny)ng =0
[U1)x] : 3(6n —3m —3n3+2ns —ns) — (3ns + ny)ng =0
Solving the first four equations allows one to write np 356 in terms of ny
and ng4 with 3n; + nq # 0.
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Model Building

ANOMALY CANCELATIONS

e All anomalies are cancelled if ny = 0, ns = 3. This gives rise to the
usual type Il seesaw model.

e If ny =0, ng = 2, then in the units of (3n; + ny)/8, the [U(1)x]?
anomaly gives —90 whereas [U(1)x] anomaly cancels out.

e This can be cancelled by three singlet fields with U(1)x charges
(3,2,—5) or (—6,1,5). Both of them allow the possibility of
radiative neutrino mass and a remnant Z, symmetry.

e The other possibilities with ny # 2 give tree level neutrino masses

from a combination of type | and type Il seesaw without any
remnant Z, symmetry.
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Model Building

MODELS WITH U(1)x CHARGES (3,2, —5)

6

Particle | SU(3)c x SU(2). x U(1)y U(1)x Z>
(u7d)L (:}727 %) n +
ugr (3,1,%) $(7Tm —3nm) | +
dr (3,1,—%) %(n1+3n4) +
(v,e)e (1,2,-3) N4 +
er (1,1,-1) 2(=9m +5m) | +
N (1,1,0) %(3:;1 + na) -
Y1R2R (1,3,0) §(3n1 + na) -
Sir (1, 1, O) §(3n1 + n4) +
52R (1, 17 0) —5(3n1 + n4) -
(¢+ ¢0)1 (1327 % (n1 - n4) +
(¢+ ¢0)2 (132a %) %(9”1 - n4) +
(¢+ ¢0)3 (17 2, _%) %(9"1 — 5!14) -
X1 (1,1,0) f§(3n1 +n) | +
X3 (1, 1, 0) §(3n1 + n4) -

X4 (1, 17 0) 1(3111 + n4) +

SDB, R Adhikari, PLB 2014

19 /50



Model Building

e The additional fermionic fields in the model are just sufficient to
cancel anomalies.

e The vacuum expectation values (vev) of the Higgs fields are denoted
as (¢9,) = vi2, (X}4) = U1

e Assuming no mixing between the electroweak gauge bosons and the
extra U(1)x boson gives rise to

3([74 — nl)V12 = (9[71 — I'I4)V22

which implies 1 < nq/n; < 9.

e For zero mixing, the U(1)x gauge boson mass is

3MZ, 1 204,12 2
- (901 — ng)(m — ma) + 1—(3n1 + ng)*(4u7 +9uy))

M2 -2 2
X gx( 8g22 6
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Model Building

THE YUKAWA LAGRANGIAN

The relevant part of the Yukawa Lagrangian is
Ly D y[q)J{SlR + thq)gNR + hz[d%ZR + fNNRNRX4 + fsSlelel

+YXRYRX4 + f1251R52RX§ (1)
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Model Building

TREE LEVEL NEUTRINO MASS

The tree-level neutrino mass matrix in the basis
(Ve vy, vr, Sir, Sor, NR)is

0 0 0 yiva 0 0
0 0 0 Yovi 0 0
0 0 0 Y31 0 0
Mr = 2
! ii yavi y3vi fsur 0 0 (2)
0 0 0 0 0 O
0 0 0 0 0 fyu

One of the light neutrinos will acquire a tree level mass given by
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Model Building

AcCTIVE NEUTRINO MASS AT LOOP LEVEL

F1GURE: One-loop contribution to active neutrino mass
23 /50



Model Building

AcCTIVE NEUTRINO MASS AT LOOP LEVEL

The one-loop contribution (M, ); to 3 x 3 neutrino mass matrix is given
by

hfsvivouruy

(M,); ~ BT a Zh/\lz,kh/vz (Ak+(Bk),'j>

where k = 1,2,3 corresponds to different Ng
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Model Building

AcCTIVE NEUTRINO MASS AT LOOP LEVEL

Ae = (MN,Z)k [I (m¢>gR7m¢ng(MN,Z)kva3R) =1 (m¢gl,m¢gl7(MN7):)k7mX3R>} )

(Be); = —(2 = 65)(Mn x), ! (m¢gR7 Mo (Mnx), mx3/> ;

_ (34 - b2c2) |n(a2/c2) b? |n(b2/c2) B 1
I(a,a, b,c) = (b2 — 32)2(c2 — 32)2 + (c? — b?)(a% — b2)2 (2% — b?)(% — )’
'@ bcd) = 22 i b2 [32 E o2 (32 i 42 In(a®/d”) — = i 7 |n(c2/d2)>
! L’ 2 /42 c? 2/ 12
poa (m'"(b Jd) = = In(c*/d ))]
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Model Building

AcCTIVE NEUTRINO MASS AT LOOP LEVEL

If all the scalar masses in the loop diagram are almost degenerate and
written as mg. then

2 2
A+ (Br)ij = max | — IZSC; m2k2 7 ((2 ) mz)k In (mgc/mgk):| ;
sc (Msc — m2k msc - m2

where my, = (Mpy 5 )k. And if all scalar and fermion masses in the loop
are almost degenerate and written as mge; then

(2—-905)
Ak + (Br)ij =~
v 6mdeg



Model Building

AcCTIVE NEUTRINO MASS AT LOOP LEVEL

In this simplest approximation, the one loop contribution to neutrino

mass is
_ Bfsvivauiug (2—9y)

M), ~ 22 L2 LN o s e
( )U 167‘1’2 Xk: N X ik N7Z_jk 6m3eg

Taking vi, vo ~ 102 GeV, one can have TeV scale U(1)x gauge symmetry
Uy ~ Uy ~ Mdeg ~ 103 GeV and correct order of neutrino mass M, ~ 0.1
eV if

fafshn,s s ~ 107°
Much better than TeV scale type | seesaw where Dirac Yukawa couplings
are fine tuned to YpYp ~ 10711
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Model Building

STERILE NEUTRINO MASS AT LOOP LEVEL

X1| ﬁ(4

N | { B
SO o - L s

X3 / \ X3
/

> \

> > <

<

LSV2 R

F1cURE: One-loop contribution to sterile neutrino mass
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Model Building

STERILE NEUTRINO MASS AT LOOP LEVEL

Since Syr corresponds to the fifth entry in the mass matrix shown earlier,
we denote its mass term as (My)ss. The one-loop contribution to its
mass can be written as
foffsvivaus g

M ~ 22 - T (A+B 3

( f)55 1672 ( ) ( )
where A and B can be obtained by replacing (M x), by Ms, in A and
By respectively. Constraints on the couplings are similar to the ones for
active neutrinos.
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

e For the minimal field content shown earlier, the sterile neutrino Sop
acquires a small mass at loop level but does not have any mixing
with the active neutrinos at tree/loop level.

e Such a sterile neutrino can still contribute to the radiation content of
the Universe, but won't show up in neutrino oscillation experiments.

e Since Syr is Z»-0dd, the only way it can mix with the active
neutrinos is by breaking the remnant Z, symmetry.

e We introduce a new scalar singlet field ¢ with U(1)x charge
%(?ml + ng) which a tree level mixing term of Ng and Sz which
effectively allow one loop mixing between active and sterile neutrino.
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

X4 3
N v
N v
AN v
NI
- AL ~
X3 d 3
/ \
Sor L Sip Ng I Vi

\ /

|
f
|
|

F1GURE: One-loop contribution to active-sterile neutrino mixing
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

The mixing term corresponding to the above diagram can be estimated as

X fiafsvoua(hy,s ) ij Mx
(M) = (M ; T |1 (s mag M) =1 (e, myg, . M)

where j, k = 1,2,3 and k corresponds to different Ng. My is the U(1)x
symmetry breaking scale and we have assumed
Msm ~ MNR ~ MZR ~ MX and

a*b?In(a?/b?) + b*c?In(b?/c?) + &% In(c?/a%)

I(a.byc) = @ )2 &2)(2—2)
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

If we consider my,, ~ myy and/or my, ~ my then to get (Mr)s; one is

required to consider / (a, a, ¢) which is given by
I(a,a,c)= _r (32 2= In(az/c2))

(=)

Assuming m,,, ~ m,, < Mx, we have

fafsvaus(hy s )iMx [ 2 2 2 2 2
(Mr)s; ~ Z 1672 M}, ’ [mxm — my,, — Mx In(mX3R/mX3,)]
P
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

Writing m,, = (my,, + m,,,)/2 and assuming the Yukawa couplings to
be real

- m
2 2 X3R X3/
1672 Mx m3,,

(Mf), ~ Z fiafsvaus(hn,s )1k [mz 2 ]
K

For (Mf),s in the above expression (hy 5 )1k will be replaced by
(hN,Z)Zk- As A+ B~ 1/(!773(3/\/7)()

f122f3f5V1V2U1U4
(Mr)es ~ 1672m2, Mx

If we consider (hN,Z)%k ~ (hN;)%k < f122 then
(Mf)11 ~ (Mf),, < (Mf)ss and we can write the active sterile mixing
angles as
2(Mf)15.

tan 20e5 = (Mr)ey
55

tan 20,5 =
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Model Building

ACTIVE-STERILE MIXING AT LOOP LEVEL

The (1,4) element of the mixing matrix as

. 1 (hns)ik [ 2 2
|Ue4| ~ SinfOes ~ 5 tan 205 = ; fiafavi i |:mX3R - me/]

To get |U,4] in the above expression (hy s)1k is to be replaced by
(hN,Z)Zk- For hN,): ~ 1, fiofy ~ 1075, vy~ 102 GeV, uyp ~
1TeV,(m2,, —m3,)~0.1 GeV? one can get |Ues| ~ 0.1 as required
from global fit data.
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Model Building

MODELS WITH U(1)x CHARGES (—6,1,5)

Particle | SU(3)c x SU(2). x U(1)y U(1)x Z>
Ngr (1,1,0) —SBm+n) | +
Y1R2R (1,3,0) %(3n1 + na) -
Sir (1, 1, 0) %(3n1 + n4) -
Sor (1, 1, 0) §(3n1 + n4) -
(¢+a ¢0)1 (13 2a _%) %(nl - n4) +
(¢+7¢0)2 (172’ _%) %(9"1 - n4) +
(¢+7¢0)3 (1721_%) é(gnl —5!74) -
13 (1,3,0) 2(3m + na) -

X1 (1a 1, O) _%(3'71 + I'I4) +

X2 (1,1,0) —i(Bm+m) | +
X3 (1,1,0) f§(3n1 +n) | -

X4 (1a 1, O) _2(3'71 + I'I4) +

X5 (1,1,0) 2Bm+m) | +

7R Adhikari, DB, E Ma (2014)
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Model Building

STERILE NEUTRINO MASS

@
+ X5
— ’_1" ~
e N
&U / \50
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FIGURE: One-loop contribution to sterile neutrino mass
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Model Building

ACTIVE STERILE NEUTRINO MIXING

\ /
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FI1GURE: One-loop contribution to active-sterile neutrino mixing
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Model Building

MODELS WITH U(1)x CHARGES (—6,1,5)

[ particle [ ai [ EN [ Z> ]
(u,d)L 1 0 +
ugR 7/4 | -3/4 | +
dr 1/4 3/4 +
(V, /)L 0 1 +
Ir -9/4 5/4 | +
21R2R 9/8 3/8 -
Ng -18/8 | -6/8 | +
Sir 3/8 1/8 | -
Sor 15/8 | 5/8 -
¢ 3/4 -3/4
m 3/8 | —7/8 | -
0 9/8 | -5/8 | -
Xg 3/4 1/4 +
X5 9/4 3/4 +
X3 3/8 1/8 -
Xf 3/8 | -15/8 | -
gE++0 | 9/8 | —13/8 | -

TABLE: Particle content of proposed model with U(1)x assignment given by
aini + asns where 3n; + ns # 0 (R Adhikari, DB, E Ma, PLB 2016)
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Model Building

MODEL WITH RADIATIVE LEPTON MASSES

The relevant Yukawa couplings of the fermions can be written as a part
of the Yukawa Lagrangian

Ly D y1iSirLimt + y2iZrLin + y3SorlirXa + yajZrlRE + AERIRX2

+651rS1rRX1 + 3S1RS2RX2 + 2 NRS2R X3

The part of the scalar Lagrangian relevant for discussion on lepton
masses is

Ve O m® i + ma®tnixs + paxaxstn + Me nixaxs + 20 xax:
+ >\3¢T77§§X1
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Model Building

AcTIiVE NEUTRINO MASSES

X1
0 v 0
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i YR y 2R Vj
X2
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Model Building

AcTIiVE NEUTRINO MASSES
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Model Building
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Model Building

ACTIVE-STERILE NEUTRINO MIXING
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Model Building

CHARGED LEPTON MASSES
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Model Building

CHARGED LEPTON MASSES
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Conclusion

CONCLUDING REMARKS

e Abelian versions of scotogenic models can naturally accommodate
light sterile neutrinos and their mixing with active neutrinos at one
loop level.

e Similar ideas can also be implemented in non-abelian gauge
extensions of the standard model say, Left-Right Symmetric Models.

e The sterile neutrinos at eV scale can have interesting implications at
neutrino oscillation experiments if they sufficiently mix with the
active neutrinos.

o Sterile neutrinos at keV scale can be a good warm dark matter
candidate.

e In both of these cases, the lightest Z, odd particle can always be a
cold dark matter candidate.

e Such mixed dark matter scenario could be interesting from structure
formation point of view.
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Conclusion

CONCLUDING REMARKS

Light Sterile neutrinos can significantly affect the predictions for
neutrinoless double beta decay (Giradi, Meroni & Petcov'2013).

Light Sterile neutrinos can also affect the predictions for usual
thermal leptogenesis (Hannestad, Hansen & Tram'2013).

Light Sterile neutrinos also allow more possibilities of texture zeros
in the light neutrino mass matrix. For example, in the 3 x 3 active
neutrino block, one can have three (Y. Zhang, PRD 2013) or four
zero (arXiv:1606.02076) textures in the presence of sterile neutrinos
whereas only upto two zero textures are allowed in three light
neutrino scenarios.

Scotogenic Models can also give new sources of lepton flavor
violation (Toma & Vicente'2014; Vicente & Yaguna'2015)

A viable model to implement TeV scale WIMPy Leptogenesis
(arXiv:1605.01292).
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Conclusion

CONCLUDING REMARKS

e Minimal scotogenic models suffer from a hierarchy type problem that
can spoil the phenomenological success of the model: RGE
contributions from heavy Majorana neutrinos to the mass
parameters of the Z, odd scalar fields could turn them negative at
some energy scale breaking the Z, symmetry and loss of CDM
candidate (Merle & Platscher'2015).

e This can be prevented if the physical Z»-odd scalar masses are
restricted to a certain ranges, typically of the order of the heaviest
Majorana neutrino: can be satisfied in our models as well.
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Conclusion

THANK YOU
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