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Experimental indications for eV-scaie

Several experiments observe anomalies
LSND, MiniBooNE
reactor neutrino fluxes

Gallium anomaly

however, v, disappearance experiments do not seem to be
compatible with anomalies

however, standard cosmology seems to be fine with only
three light states



Experimental indications for eV-scaie

Results of two different global fits  (Giunti et al. (13), Kopp et al. (13))
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Experimental indications for keV-scaidg
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Experimental indications for keV-scaidg

T T l T T T TT I T T T T TT I |
L | |
714 — e 1 -

"=
L |_r‘_| H 1 A
712 H i BO8I
(—. —a—

L | ( 1
11 : ® Full Sample (MOS I

< H14 ull Sample (MOS) I
3.5 keV line? A sasmemy L
X , oma + Centaurus + _

: * o 708 | Ophiuchus (MOS) 1
= B | Coma + Centaurus + 1 ]
7.06 Ophiuchus (PN) —
(BUIbUI et al. (, 14)) i : ® Other Clusters (MOS) ! |

@ Other Clusters (PN) !
7.04 - I @ Perseus (Core-Cut) (MOS)l —|
- I @ Perseus (Core-Cut) (PN) 1 |
| | m Perseus (ACIS-I) 1|

702 L ¢ B Perseus (ACIS-S) |

- | m Virgo (ACIS-I) |

L L co | L L oo |
71 10 100

10" sin?(26)

ms (keV)

J J J J J J J J J J J



Model building withu,

In principle you can just add a new state to an existing model

however, you should be able to give reason for mass as well
as mixing of the new state
according to the experimental indications the latter are
eV-scale v,: ms ~1eVand 6 ~ 1071
keV-scale v;: ms ~ TkeV and 6 ~ 107°

probably you should also address the question why there is
just one such (neutral) state and not three

possible reasons: symmetry protects one state, additional
state is really different (under flavor group)



eV-scalev, In A, model

ldea and main features (Barry et al. ('11))

starting point is A4 model leading to tri-bimaximal mixing

(Altarelli/Feruglio ('05))
neutrino masses come from Weinberg operator

charged lepton mass hierarchy is explained with
Froggatt-Nielsen symmetry U (1) gy

lepton mixing is predicted,

iIndependent from neutrino mass spectrum

add one gauge singlet v¢ that is a singlet of A4 and only
carries FN charge

VEN(1,1,6) under (A4,Zg,U(1)FN)



eV-scalev, In A, model

Details about the flavor group A4

this group is isomorphic to the group of even permutations of
four different objects

it has 12 elements

It possesses four irreducible representations:
1is real; 1/, 1”7 are complex conjugated;

3 is real

it is a subgroup of SO(3)

it belongs to a series of groups A,, n = 1,2,... of which,
however, only A, and Ay are "useful" for flavor model building



eV-scalev, iIn A4 model

Particle content of the model (w = e2™/3)

Field L | e | pu¢| 7 || vs

Ay 311”1 |1

Zs3 wlwlw w1

UDLrn ||O| 3 | 1] 0] 6

Field || hua || @ | @ | €| 6

Ay 1 3| 3 |1 1

/3 1 1 | w | w 1
ULpn || 0 [[0] 0] 0| -1




eV-scalev, In A, model

Lagrangian involving v¢

ze [0\° . ry (0 ° .
£V§ — A2 (K) g(SO/Lhu)Vs <+F (K) (SO/QO/LhU)Vs>

o\ 11
+0 (K) vivg + h.c.

take as expansion parameter VEV /A =~ 0.03

mass of v¢ appropriately suppressed by large FN charge:
ms ~ (0) N1 = (0) 10717 ~ 1eV

coupling of v¢ also suppressed: e ~ v, A3 ~ 0.1eV

lepton mixing also gets perturbed



eV-scalev, In A, model

Mass matrix of neutrinos and v,

M =

[ a+2d/3 —d/3 —d/3
2d/3 a—d/3
2d/3

\

We can extract as mixing matrix

o\

0 1) \0 —V3e/ms 0
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eV-scalev, In A, model

[0 —V3e2/(2m2) 0O 0 \
0 —v3e2/(2m2) 0 0
_|_
0 —V3e?/(2m?) 0 0
\ 0 0 0 —3e2/(2m2) )

We find
013 =0 , sin®f1503 are corrected at O((e/m.)?)

and
Ueg = Uy = Ury and sin®60;y = O((e/ms)?) ~ 1072 with i =1,2,3



eV-scalev, and inducedq5

The preceding model could not give rise to 6,3 sufficiently large.
This problem can be solved, if one uses a more general structure
of vacuum of the field coupling v to L (verle et al. (14)).

In particular, one can find the relation (verle et al. (14))

) ~ V 2 Amgz, GRS

sin 6014 (Sin 0oy 6_ZB +sinfsq e 7
mes

sin 913 COS 913

See also very recent paper (Rivera-Agudelo/Perez-Lorenzana ('15)).



keV-scalev, In A, model

A side remark:
Instead of an eV-scale v, one can easily implement a keV-scale v,
that can play the role of Warm Dark Matter garry et al. (11)).

For this to work FN charge of v$ as well as scales in the model
(VEVs, A) need to be adjusted.



rMSM: characteristics

(Asaka et al. ('05), Asaka/Shaposhnikov ('05))

add three right-handed (RH) neutrinos N;, I = 1,2, 3, to
Standard Model (SM)

M
0L =Npid,v" Ny — Fo Lo N; ® — 71 N;N; +h.c.

with L., o = e, u, 7, lepton doublets and ¢ Higgs field

15 free parameters in F,;



rMSM: characteristics

(Asaka et al. ('05), Asaka/Shaposhnikov ('05))
Phenomenology

Dark Matter candidate N; with M; ~ few keV

two heavier states, 1 GeV S Ms 3 < 10 GeV that are highly
degenerate in mass AM /M ~ 10~° can explain baryon
asymmetry of the Universe

Yukawa couplings F,,; must be very suppressed and exhibit
hierarchy

light neutrino masses are strongly hierarchical, both order-
Ings are admitted



rMSM: characteristics

(Asaka et al. ('05), Asaka/Shaposhnikov ('05))
Experimental tests

experimental indications for Ny, keV-scale v, have been
found in 2014 (Boyarsky et al. ('14), Bulbul et al. ('14))

states N, 3 with masses of a few GeV can be tested at SHIP

(Alekhin et al. ("15))



vMSM with global lepton number

Idea and main features (Shaposhnikov ('06))

assume global lepton number with the following assignment
Ny:q , Np: -1, N3 : 1, L;,: —1 and E, : —1

with ¢ £ 0, £1

state N; IS massless

states N 3 have same mass: M N,Ns

no mixing of state N; with active neutrinos, only hys Li Ny ®

masses of active neutrinos all vanish,
lepton mixing is undetermined



vMSM with global lepton number

Explicit breaking of global lepton number

] —e _
Loreak = —5 N'AM N —LAF N &
myy e*® mi2 mis3 hi1 0 his
AM = Mmis Moy etP 0 and AF = | hg; 0 hos
mi3 0 ms3 e’ hs1 0 hss

with m;; < M and h;; , hjg < hyo.
The order of the lepton number breaking terms should be sup-

pressed by € ~ (1074 = 107?) relative to the invariant terms.
| M5 ~ e M, then |M2 — Mg’ ~ M.

Lepton mixing is adjusted correctly by choice of parameters h;;.



Version ofvMSM with L, — L,, — L,

Idea and main features (Lindner et al. ('10))

neutrino masses receive in this model also a contribution
from type-ll seesaw mechanism (Bezrukov et al. (09))

assume L. — L,, — L, as exact symmetry at leading order

Ler, 01, Ly, =1, Ly, :—=1, er :1, pr : =1, 7p :

NlR 1 y N2R :—1 y NgR :—1
scalar fields ¢ and A do not transform under L, — L, — L,

model leads to realistic results, if L. — L, — L, is explicitly
(softly) broken



Version ofvMSM with L, — L,, — L,

Phenomenology

if L. — L, — L, Is unbroken, one neutrino is massless and
two have degenerate masses (active as well as sterile ones)

breaking L. — L, — L, leads to keV-scale v, and active
neutrino masses with inverted ordering

if L. — L, — L, Is unbroken, lepton mixing angles are fixed:
013 = 0, 0535 = 7'('/4 and 010 = 7T/4
breaking L. — L, — L, introduces corrections to mixing, in par-

ticular coming from the charged lepton sector (most relevant
for the solar mixing angle)



Version ofvMSMwith L, — L, — L~

A|\/|3z|\/|2
: M>=M3=GeV
YM,=GeV

Le—L,—L-
Ce=tr=t,

\ M1~keV
. M]_EO

(Merle/Niro ('11))
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vMSM with flavor symmetryQQg

ldea and main features (Araki/Li ('11))

use finite, discrete, non-abelian symmetry Q¢ ~ D5,
because it is smallest group with complex singlet and real
doublet

assign sterile neutrinos to particular representations of (Qs:

keV-scale v, separated from others: singlet;
choose complex singlet in order to suppress mass term

GeV-scale v, have almost same mass: doublet;
choose real doublet in order to have mass unsuppressed

hierarchy of mixing between active and different sterile
states N; and N, 3 is explained



vMSM with flavor symmetryQQg

Details about the flavor group Q¢
this group has 12 elements

It possesses six irreducible representations:
1, 1" arereal; 1”7, 1" are complex conjugated:;
2 is pseudo-real and 2’ is real

it is a subgroup of SU(2)

it belongs to a series of groups @s,, ~ D!

,n = 1,2, .., that
all have similar properties



vMSM with flavor symmetryQQg

Particle content of the model (w = e27/3)
Field L1 | Lp | E1 | Ep | Ny | Np
Qs || 1| 2 |1V | 2 [17] 2




vMSM with flavor symmetryQQg

Lagrangian of sterile neutrinos

Mme

m
Ly = my (NDND)1+—b (NDND)2’(DD)2’+ A2

A2 N1N1Sx55+hc

leads to mass matrix

0 0 0 e (SpS,) 0 0
Mr=10 0 mg |+ 0 my, (Da)? 0
0 my O 0 0 my(D;)?



vMSM with flavor symmetryQQg

Lagrangian of sterile neutrinos

mp

A2

Mme

Ly =mq (NpNp)1+ 12

(NDND)gx(DD)Z/—I— N1N1Sx55+hc

assume myg p . ~ O(GeV)

masses M, 3 almost degenerate and of order GeV

M; < M, 3 suppressed by (S,.S,)/A? ~ 1076 M; ~ O(keV)
splitting M 3 is of order (D; 5)?/A? ~ 107°

if (Dy) = (D3), maximal 2-3 mixing



vMSM with flavor symmetryQQg

Charged leptons

all arise at the non-renormalizable level

(Sz) Sz)  (Sy)

V., My, ~ v
A2 ’ H A A

Me ~ v

explanation of m. < m,, via hierarchy in operators
instead m,, < m, Is fine-tuned
m, < v IS explained

estimate




vMSM with flavor symmetryQQg

Terms generating Dirac mass matrix

[,,/ —_— %flﬁ (NDD)l -+ % (ZDI‘? ND)2/ D4+ — (ZDET ND)lSz
0 — -~ 3 € — =~ .
+25 LA NS (+F (LDHND)l/stySZ> +he.

~
A



vMSM with flavor symmetryQQg

If (D1) = (D), lepton mixing angles 0;3 = w/4 and 613 =0
relative suppression of coupling of NV; to light neutrinos
compared to couplings of N 3

however, suppression of all couplings is not sufficient:

(S;, D;) /A ~ 1073; thus, we need small couplings «, ..., § of
order 10—

mixing of keV-scale v, with active neutrinos depends on J;
can be different from o, ..., v



vMSM with flavor symmetryQQg

Phenomenology of light neutrinos

strongly hierarchical neutrino masses with normal ordering
and m; ~ 0

atmospheric and reactor mixing angles

tan o3 ~ 14+0 <<D1> _T_ <D2>> and sin 013~ O <<D1> —

no prediction for solar mixing angle; is function of «, 5 and ~



keV-scalev, more general

using a "general” global U (1) symmetry (Froggatt-Nielsen
symmetry) one can achieve a spectrum with one keV-scale
v, two states with much larger masses as well as describe
light neutrino masses and lepton mixing correctly

(Merle/Niro ('11))

alternative idea: "split seesaw mechanism" (kusenko et al. (10))
use extra dimension and different localization of RH
neutrinos in order to achieve split spectrum; exponential
suppression of masses is possible (1; ~ e~2™i!), also of
couplings (\; ~ e~™!)

[numerical example: my ~ 2.317! leads to My ~ 102 GeV,
whereas m; ~ 24[~! leads to M; ~ keV]



Split seesaw mechanism

m

M3>M2

M>~10'GeV

M1~keV

-
~
~
~~~

(Merle/Niro ('11))
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Split seesaw mechanism wiih,

(Adulpravitchai/Takahashi ('11))

challenge 1: RH neutrino masses should be split, but in
traditional A, models (artareliiFeruglio (0s)) these are assigned to
3 of A4 in order to achieve (close to) tri-bimaximal mixing

splitting of RH neutrino masses achieved via new particle
assignment

Nri~1, Nga~1 , Npg~1"

lepton mixing angles are partly predicted

(913 = 0, (923 = 7T/4 and 012 arbitrary



Split seesaw mechanism wiih,

challenge 2: lightest RH neutrino with mass of order keV can
only be Dark Matter candidate, if additional contribution to
light neutrino masses exists

SO, neutrino masses arise from type I+ll seesaw mechanism

predictions for lepton mixing angles are maintained

In case you do not like extra dimensions:

a similar model has also been considered in four dimensions only
with the flavor symmetry A, arry et al. (11)).

The main features are the same: RH neutrinos in singlets of Ay
and mass hierarchy among these is achieved via Froggatt-Nielsen
symmetry.



Four generations of (all) leptons?

As model with four chiral lepton generations, three
vector-like charged leptons and six RH neutrinos

(Chen et al. ('10))

models with four chiral families and four RH neutrinos

(Schmidt/Smirnov ('11))

main purpose of this study: analysis of different
contributions to light neutrino masses

sketches of models with flavor group SG(20, 3):
L~4,ep~lg+15+14+14

and RH neutrinos transform either as
Np~1o+13+14+17y oOr Npr~4



Model building withv, In GUTs

In SU(5) RH neutrinos appear in different GUT multiplets:

[0 ug —ug wl d) [ ds )

. —usy 0 u§  u? d? ds
Uio=—| w§5 —uf 0 w® d° U= | dy U, =1°
\/§ —ut —ut =l e e
~d' & & e 0 \ v

L=y, VioV1i0Hs +ya1VYsV10Hs + Ya2VsV10Hz + v, VsV Hs + MYy

In SO(10) they are naturally included in the representation 16:

W16 = 10505 + Bsu(s) + Lsus)



Model building withv, In GUTs

However, there can be additional singlets .S; in SO(10):

double seesaw mechanism (vMohapatra ('86), Mohapatra/valle ('86)).

This mechanism is interesting, since it can explain the difference
between charged fermions and neutrinos;

In particular, the huge difference between the up quark and light
neutrino mass matrix. (H et al. (08))

W16 = 10su(5) + Bsus) + 1su) — and gauge singlets S;
L=1y,Vie¥16H10 + Y165V165SHig + MssSS
mp = Yu(Hio0) < M, , Mns =yi6s{Hig)

(Hig) < Mgur and Mgs o< Mpianck



Model building withv, In GUTs

However, there can be additional singlets .S; in SO(10):

double seesaw mechanism (vMohapatra ('86), Mohapatra/valle ('86)).

This mechanism is interesting, since it can explain the difference
between charged fermions and neutrinos;

In particular, the huge difference between the up quark and light
neutrino mass matrix.

0 mp 0 vy,
(vr,N,S) | m5 0  Mys N



Model building withv, In GUTs

However, there can be additional singlets .S; in SO(10):

double seesaw mechanism (vMohapatra ('86), Mohapatra/valle ('86)).

This mechanism is interesting, since it can explain the difference
between charged fermions and neutrinos;

In particular, the huge difference between the up quark and light
neutrino mass matrix.

DS _ —1T —1y, T
m, > =mp (Myg" Mgs Myg)mp

14

If Mg o m%, then

mP® « Mgg and thus hierarchy is (partly) cancelled (et al. ¢08))

14

Examples for suitable flavor symmetries: 77 and X(81).



Summary

some ideas exist in the literature for explaining properties of
eV-scale or keV-scale v,

however, model building is very challenging and by now no
satisfactory model has been proposed

v, can also have interesting effects in GUTs

surely, more work on symmetries and models is needed

Thanks for your attention.
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