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R. Davis in 80ies: “"Models of neutrino masses are so humerous
that they can compose the Dark Matter in the Universe”

This can not be true: with present number of models the Universe
would be overclosed many times contradicting observations

Davis's remark on v models- DM connection has new turn now:
- joint models of neutrino masses and dark matter
- understanding neutrino properties can steam from the Dark

sector of theory or
- neutrino mass can be sourced by DM
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What is the problem?

No theory No theory of quark
% flavor, masses and mixing
in general  No physics Bsm has been
discovered yet at LHC
Especially no susy >

UV completion ISsue.,

What is the hope?

Understand at least the difference
of neutrino mass and mixing from

quark mixing and masses
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All well established/confirmed results fit well a framework

\\\ree neutrinos
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The theory?

il
e

Large scale 4
of new physics

or maybe:

h Lvg H

With very small
coupling h <« 1

S. Weinberg

Violation of
universality,
Unitarity?

That's all?
Will we learn more?
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l: Data and interpretation: bottom-up
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Dirac and Majorana masses

Dirac mass term - mp Vg v+ h.c.

Instead of independent Ve DVE  vC = CE)T CCh:ati"geyconJuga‘re
RH component L L 012

‘ -zm v."Cv_+hc. > two component massive heutrino

corresponds to Majorana neutrino:

C = gia vm=VvL+ e v ¢ aisthe Majorana phase

Vm Vm

- % mMVMVM - - % mMei“ VLTC \ hC

No invariance under v, > €% v,
Lepton number of the mass operator: L = 2 and -2 (for h.c.)
mass term violates lepton number by |AL| = 2

‘ Processes with lepton number violation
by |AL| = 2 with probabilities BBov I ~m2



Vacuum mixing

Ve = Upmns Vim

Uel UeZ Ue3 V1
Uul U;.LZ Uu3 Vo
U | U’EZ U1:3 V3

Physical flavor states produced e.g. in beta, pion,
muon decays depend on kinematics of the process




Mass

| |
Dual
role
|UH3|2 |Ur3|2
v, I 0 — —
|Ue3|2
Ueol?
v, I T —1 ] ]
V4 _2:- I ] ]
|Ue1| -
v v, v,
Flavor content of
mass states Mass content of flavor states

Vinass = Ypmns * Vs - U
V¢ = PMNS Vmass




Standard parametrization

Upmns = Uz3IsUpsI 5 Up, In ;= diag (1, 1, €")
Dirac phase matrix

o) 0 ) Ci3 o) 5136'm Ci,  Sp O\

Q ~S23 C23 / Qslseig’ 0 C13 ) \O 0 1/

I, = diag (1, gloa /2 g 05 /2 ) - matrix of Majorana phases

Not unique parametrization
Convenient for phenomenology, especially for oscillations in matter
Insightful for theory?




MASS?

Mixing angles

2
|UH3| |U13|2

2

v, E—— | AT,

FLAVOR
Normal mass hierarchy

AM?3; = M?3 - M?y
Am?,1 = Mm%, - m?y

Mixing determines the flavor
composition of mass states

Mixing parameters
’ran2912: |Ue2|2 / |Ue1|2
Sin°B;5 = [Uggl?

tan?0,3 = U 5 /Ul

Mixing matrix:

Vi = UPMNS Vimass

Ve V1
Vo | = Upmns| V2
V‘C V3

Upmns = UasIsUgsL 5Us,




MASS?

Mass Ordering

MASS?

Am?,.

v, B
\4 2
v, m—— | A

vy T Y

FLAVOR

FLAVOR
Normal mass ordering

Inverted mass ordering







Oscillations and masses

Oscillations and adiabatic conversion test the dispersion relations
and not neutrino masses

p; :\ Ei2 - miZ~ VL

In oscillations: no change of chirality, so e.g. V, A interactions
with medium can reproduce effect of mass. Also interactions
with scalar fields

It is consistency of results of many experiments in wide
energy ranges and different environment: vacuum, matter
with different density profiles that makes explanation of
data without mass almost impossible.

3 X
3

£ notv Kinematical methods: distortion of the beta
Qvoo* 06““'\“0 decay spectrum near end point - KATRIN

—1_@?0: Neutrinoless double beta decay
00> Cosmology, Large scale structure of the Universe



Probing Nature of neutrino mass

Determination of masses, mass squared differences
from processes at different conditions

Searches for dependence of mass on external variables:

. . " 1ds

_ media with different densities, fie
Vacuum - me B D A
2-3 mixingz T2K - NOVA

Energies (in medium, or if Lorentz is violated)

Epochs (red shifts) MAVAN
Momentum transfer

Virtuality: On shell -
Neutrinoless Double beta decay - unique?

off Sh@”



(lobal 3nu analysis

NO, 10 (w/o SK-atm)

NUFIT 4.1 (2019) |

NO, IO (with SK-atm)
|||\|||’f\|||‘|

Esteban, Ivan et al. '
arXiv:1811.05487 [hep-ph] ol
NUFIT 4.1(2019), www.nu-fit.org S

Ax?2 profiles minimized with respect
to all undisplayed paramefters.

The red (blue) curves correspond
to Normal (Inverted) Ordering.
Solid (dashed) curves are without
(with) adding the tabulated SK-atm

Ax2.
Mass-squared splitting: I

Ams,2 for NO and Am5,2 for IO
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Global 3nu analysis

Esteban, Ivan et al. 1811.05487 [hep-ph]
NUFIT 4.1 (2019), www.nu-fit.org

The two-dimensional projection
of the allowed six-dimensional
region after minimization with
respect to the undisplayed
parameters.

The regions in the four lower
panels are obtained from Ax2
minimized with respect to the
mass ordering.

Contours correspond to 1g,
90%, 2a, 99%, 3a CL (2 dof).
Coloured regions (black contour
curves) are without (with) adding
the tabulated SK-atm Ax2.
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Summarizing results

Data are in a very good agreement with 3v framework

Data are internally consistent within error bars
Over determined: different experiments are
sensitive to the same parameters

Some tensions:
Solar vs. KamLAND  OK within experimental uncertainties

_ - CP-phase: best fit value deviates from 3n/2,
n and 31/2 are equally plausible.

- Mass ordering: NO is favored by 2 -3 o, Ay? = 7.5
- Deviation of 2-3 mixing from maximal at 1.5¢,
second (high) octant is preferable

ANOMALIES: | LSND, MiniBooNE, Reactor, Gallium:
Oscillations into steriles, new interactions, new
particles - can dramatically affect our
considerations




B0 - decay results -z
- decay resu’

" Approaching the IO horizontal band

[H (Am*<0)

0.001 0.01 0.1 1 90% CL upper bound on mg,
Myightest [eV] depending on NME

KamLAND-Zen (61 - 165) meV  A.Gando, et al, 1605.02889 [hep-ex]

EXO-200 (93 -286)meV 6. Antonet al. 1906.02723 [hep-ex]
CUORE (110 - 520) meV  S. Dell'Oro et al. 1905.07667 [nucl-ex]
GERDA (110 - 260) meV




Bounds on masses

NUFIT 4.1 (2019)

Allowed regions at 20 (2 dof)
obtained by projecting the results
of the global analysis of oscillation
data (w/o SK-atm) over the plane
(Zm,, m,.). The region for each
ordering is defined with respect
to its local minimum
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10°

rm. [eV]

Cosmology: X m; <0.12 - 0.26 eV
A. Loureiro et al,
1811.02578 [astro-ph.CO]




Observations and
Implications

What these results show, hint?
Regularities?

Relations?




Smallms of mass?

comparing within generation:

3 101t Similar for other generations
m. if spectrum is hierarchical

Normal? Neutrinos: no clear generation structure and
correspondence light flavor - light mass,
especially if the mass hierarchy is inverted
or spectrum is quasi-degenerate

me
~3106

me

VVV VV WY v

103 106 109 1012
mass, eV




Neutrino Mass Ordering

Fundamental: Accidental: selection of
principle, symmetry values of parameters Quasi-g,

Symmens. < ate
Correlation of masses —e 1etry

of neutrinos and
charged leptons

in weak interactions:
Light likes light,
heavy - likes heavy

Am ., _AmpC SRR
m 2 Am3,?

but 1-2 mixing strongly

. deviates from maximal
Similar to quark spectrum

" |
- rescaling Pseudo-Dirac + 1 Majorana
ark-lepton Flavor symmetries

Qu
SYmmeY)‘Y-f- ¥i Broken L. - L.~ L: Syl
nification




Mass hierarchies

at mz
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104
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up
quarks
(]

down

quarks
(]

charged
leptons

heutrinos

[ 1

=

Koide

relation
|

~0.18

Neutrinos have
the weakest mass

hierarchy (if any)

among fermions
Related to large
lepton miXxing?

WRORRSREE  sino ~ {m./m.

Gatto-Sartori-Tonin relation




TBM mixings 28r0 order approximation?

As the reference 273 m 0 L. Wolfenstein
point :‘ 1 1/3 - \I 1/2 P. F. Harrison

-\1/6
_\| 1/6 1/3 \|1/2 D. H. Perkins
W. G. Scott

U‘rbm -

Ll W v; is bi-maximally mixed

v, is Tri-maximally mixed
Uspm = Uas(m/4) Uga(0;2) 5in°0;, = 1/3
- maximal 2-3 mixing

- zero 1-3 mixing
- no CP-violation

Uncertainty related to sign of 2-3 mixing:
923 = 7'5/4 9 — 7'5/4




Mixing and mass matrices

Origin of mixing: MoE M
off-diagonal mass matrices | '

Diagonalization: ‘ _
ny

Mass spectrum wdsofo(\f’
L
M, = Uymdiag Ut M, =U,mdgy,T
: diag —
m,die9 = (m,, m, m,) m, 9 = (my, m,, m3)

CC in terms of mass eigenstates: | v*(1 - v5) UppnsVinass
‘ Uemns = Ui" Uy

Flavor basis: M;=m@99  Upuns = UyL



The TBM- mass matrx

Mixing from diagonalization of mass matrix in the flavor basis

_ di T
Mrem = Uggm M99 Upppy

mdag = diag (| myl, [mz|ei?, [msle )

a b b
Mpp = | ~ z(@+b+c) s(a+b-c)
z(a+b+c)

G:(2m1+m2)/3, b=(m2-m1)/3, C=ms
The matrix has S, permutation symmetry -

Mixing is determined by relations between the matrix elements:

Mo = My3 Moo = M33 My + My = My + M3

Eigenvalues -by absolute values of elements




Deviations & observations

Deviations : Certain hierarchy
d (sinb,,) = -0.01 "
from TBM (sin®y,) ! of deviations =
|5 (sin0,,)| = 0.035 additional rotations
5 (sin63) =sin6,,= 0.15 oer
matic for anum
‘::‘ortr)\‘oede\s, require f.urmers
assumptions/ complication
Deviation from 5 (sin6;,) =0.15

maximal 1-2 mixing: . : :
J » 5 (sinB,,) = 3 (sinB,3) = sin 6,

1-3 mixing is in o 1 0. Cabibbo angle
agreement V1379

with prediction _




Leptons versus quarks

Leptons Quarks
vy, T +
" v
n -]
-]
S £
v, I T c 1
v, N T u |
Ve = Upmns Vimass Uy = Veew'VU | U=(u, ¢, 1)

Mixings of quarks and leptons are strongly different but still related

| ~ : -
Orp + 019 ~n/4 Sum up to maximal mixing angle
0,5 + 0,59 ~n/4 kind of complementarity

Observation:



Quark-lepton complementarity

based on relations:
A.S.

H. Minakata

Implications

Quark-lepton symmetry family symmetry

Existence of structure
which produces
bi-maximal mixing

Grand Unification or

See-saw?
Properties of
the RH neutrinos




Bi-maximal mixin

Another zero order reference structure

T T 1 ™ F. Vissani
) J; 0 V. Barger et al
1 1 [1
Un=| "2 2 \Z
i 1 |1
\.2 2 \2/
Two maximal
rotations

- maximal 2-3 mixing
Upm = Uas™Upp™ - zero 1-3 mixing
- maximal 1-2 mixing
- no CP-violation



In general: lepton mixing

The data are in very good agreement with the ansatz

Upmnis = Uckm™ Ux

Uckem® = Viem Uy = Uy or Ugy

This
reproduces QLC approximately

can be realized in the seesaw type I
gives prediction for 1-3 mixing




13-mixing

sin 613~\r% Sin O,

» Phenomenological level C. Giunti, M. Tanimoto

From QLC H. Minakata, A Y S
(Quark-Lepton Complementarity)

» From TBM-Cabibbo scheme S. F. King et al

Now accuracy of measurements
permits detailed comparison



Experimental status

From global fit F. Capozzi, et al. Prog.Part.Nucl.Phys.
102 (2018) 48, arXiv:1804.09678 [hep-ph]

for sin2 0,

004 T T ~ 20% deviation in sin® 0,5

can be due to deviation
of 0,,' from 6,

S

f 0.03 _—
E:_"}:::

? 0.02

Buuiapiq) fewoy

Renormalization (RGE)
00t e e o v v v bWl unn effects from GUT

003 004 005 006 0.07 scales to low energies
Sin 0,3

sin0;5 = sin0,5 sin%0, (1 + O(\2))
lines: predictions from QLC




Implications

Quarks and leptons know about each other,
Q L unification, GUT or/and
Common flavor symmetries

> BT




Bmay b o 3 ming ofdiferent i

"Naturalness” : absence of fine tuning of mass matrix
Connecting solar and atmospheric neutrino sectors

Am E. K. Akhmedov, G.C. Branco,
sm2913 = O(l) 21 M.N. Rebelo Phys.Rev.Lett. 84
’ 32 (2000) 3535, [hep-ph/9912205]

0.75
Very small 1-3 mixing would be something special (symmetry)

Yet another “"normal” relation:

almost the same relation in the quark and lepton sectors
sin®05 = C sin®0,,5in%0,5 K. Patel, A. Y. S.
¢,=0.380 +/- 0.020 C = 0.407 +/- 0.033
» Similar structure of the mass matrices - Abelian symmetry
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Two aspeCts Similar o cosmological constant
_ Finite value

Suppression wr.

the EW scale Mechanisms unrelated
Why there is no usual to suppression of
scale Dirac masses? usual Dirac masses
No RH component Seesaw type IT
~ Dirac mass can Radiative mechanisms
hot be formed
SymmeTr‘y

See-saw or mylti.

Singlet Mmechanismg see-saws type-I does

- SUppression only both things

-finite contribution simultaneously:

negligible incomplete suppression




If no new particles at the EW scale, after decoupling of
heavy degrees of freedom >
set of non-renormalizable operators

LLHH




l I IIm
mD: h<H>

A Higgs triplet

Majorana m_=f<A>

X
I
[
I
I
1

Elementary or composite
operator with I, =1

m, = f <H> <H>




Similarly for Dirac neutrinos

Orlgms of (fmlte) Mass

Hard mass related to the EW scale
small effective coupling

small induced VEV formed
by large VEV's (seesaw II)

Soft mass VEV created at
small scales

melting at T ~ VEV

MAVAN | Environment dependent
masses; relic neutrinos

Gravitationally induced mass
Melting couplings



P. MinkowskKi

T. Yanagida
M. Gell-Mann, P. Ramond, R. Slansky
S. L. Glashow

Type 1

R.N. Mohapatra, G. Senjanovic

x H H x
. , m,
\\ MR //
Y Y =
Vv S S Mo yerb Mp

Type 3 ( SU(2) triplet intermediate

state)
R Foot, HlLew, X G He, G C Joshi

Mass matrix:

v [OV HN\D] if My>> mp ‘ m, =- my’ Mg mp

N mDT My My ~ 1014 GeV




High scale line; the problem

Simplest seesaw implies new physical scale
MR ~ mDZ /n'\V ~ 1014 GeV « Mp|

(Another indication: unification
of gauge couplings)

F. Vissani
hep-phl9709409

__H J Elias-Miro et al,
1112.3022 [hep-ph]

2
*~ e Ma? log (9 /M)

M.3m M. Fabbrichesi
(2 mv)? °9 (q /Me) Cancellation?

[> New physics below Planck scale ¢, 11 vukawas
Mg <107 GeV Leptogenesis ?

“Partial” SUSY?



Planck:scale lepton number violation

A Ibarraet al
1802.09997 [hep-ph]

Mz ~ My

M1 ~ M2 4&1»;12752/)222 Log MZ / Mp| ~ 1014 GeV




See-saw type:

M. Magg and C. Wetterich
G. Lazarides, Q Shafi and C Wetterich
R. Mohapatra, 6. Senjanovic,

Seesaw for VEV's:
<A> = <H>2 f/M 2
m,=h,<A> =hf<H?2/M,?

Natural smallness of VEV

Light triplet?




Double Seesaw

Three additional singlets S which couple with RH neutrinos

Beyond SM:

O mp" O ||V
> R.N. Mohapatra many heavy singlets

my O M|V J. Valle

0O My, pn J(S ..string theory
D

u - scale of B-L violation u = Mg

m, = mp" Myt u Myt mg

violation of universality,

massless neutrinos unitarity

lower the scales of neutrino

D Inverse seesaw mass generation

explains intermediate scale
for the RH neutrinos

Lo~ Mo, M~Mgy, B M~ M2/ My ~ 1014 GeV/

Cascade seesaw




Screening of Dlﬂc structures ;-
M. Lindner,

M.A. Schmidt
d MD mD m dT MS AY.S
screening fac’ror'

1. Complete screening of the Dirac structure
mp= A My as a consequence of symmetry A = veyw/Vgyr

d=AI B m = A2M Light neutrino mass matrix is
' > determined by the heaviest one Mg

2. Partial screening of the Dirac structure

my, Mp = diag M d - diagonal e.g.d=diag(a, 1,1

d:= U23max or U

Q)




Linear Seesaw

Three additional singlets S which couple with RH neutrinos

O my! mT ||V E. Witten,
mp O MpT || V° E . K. Akhmedov et al

m. My O J|S

‘ m,= mp" Myt m_ +m T My my

Linear in m_ - can produce weaker hierarchy
than the double or inverse seesaw

if ~u nonzero - both linear and double seesaw contributions

m_. My  for m_ =mylinear seesaw
mp 1 dominates over the inverse seesaw




ee:mechanism

No RH neutrinos
new bosons: singlet n*, doublet H,

m, =A[fm?+m?fT) -
— v(cosB)y ' (fmf,+ f,Tm fT)]

A =5sin26, In (M,/M,)/ (8=?v tanB)

m = (m, m,, m,)

X-G He
P. Frampton, M. C. Oh
T. Yoshikawa

e Can not recgn;:ile - inverse hierarchy of f g
0 h two large mixings _f <104

one small mixing and P

hierarchy of Am?2




Scotogenic mechanism

If H gives mass to
charged leptons leptons

E. Ma, hep-ph 0601225

No RH neutrinos

new higgs doublet (n*, n°%)

and fermionic singlets N,

odd under discrete symmetry Z,

SM particles are Z, even

n® has zero VEV

If Z, is exact

n° or lightest N, are stable and
can be Dark Matter particles

Neutrino mass - DM connection




pe-Babll mechanism

No RH neutrinos C. Macesanu
new scalar singlets n- and k*

m,~8ufmhmfl

m, = diag (m,, m,, m,)

f and h are matrices of the
couplings in the flavor basis

Features:
- the Iigh’res’r heutrino Testable:
mass is zero
- neutrino data require
inverted hierarchy
of couplings h
-f,h~0.1

- new charged bosons

-decaysu—>y e, t—=>3p
within reach of the
forthcoming experiments




Three loops

S~(1,1,2) and T~(1,3,2) are scalars

E~(1,3,0) is a fermionic triplet.

There are three distinct diagrams with the sets
{T+,E°,T-}, {T* ,(E+)c,TO} and {TO,E+T--}
propagating in the inner loop.

A. Ahriche et al,
1404.2696  hep-ph

Z, symmetry

Classification of the
effective operators

- dressing

- Multiloop mechanisms




Overfap in extra dimensions

Right handed components are localized small Dirac masses due to
differently in extra dimensions overlap suppression:

Grossman Arkani-Hamed,
Warped extra D Neubert Flat extra D Dvali, Dimopoulos

Hidden
brane

8,

%))
<
=
e
O
<
3J
Y
Q
>
)
=

overlap

e
A

meflfR + h.c.

™ amount of overlap in extra D




from Hidden world

Neutrinos due to
neutrality plgg special role

ass and mixing

embedding

Hidden
sector

. Singlets (fermions,
L-R Neutrino bosons) of GU

tal ]
porta Sterile
P-S heutrinos

AXions,
Majorons,

GUT DM

Origins of smallness
of neutrino mass and
large (maximal mixing)

S 7"/"/'/79 s



_
Neutrlno portal Neutrino are special
LH

via the portal:

™ » v g Neutrino mass - seesaw
LH R 3 Large lepton mixing
» & Non Standard
, S Q Interactions
o)
-3
Singlet of SM ' VR SM is well protected
symmeftry ’ S
group i . . Non-local
gp eﬁz:g?ﬂlomc interactions Singlet of symmetry
Interactions which group of hidden sector
violated fundamental
symmetries
L LHF tion 1o e
AN(F) - 3/2 connec 0\ K

Higgs PO



i A. Ibarra et all
0CKWOIK mechanism oy
[hep-ph]

7

fast ; - slow

rotation rotation

Strong hierarchy (small
quantities) without small parameter's . Giudice, et al Vio

It can be considered as special case neutrino mass with
multiple RH neutrinos, or neutrino via hidden sector

Resembles generation due to extra dimension in deconstruction mode

one massless
state mostly

R2 here
Mixing of massless state Q

in g, is suppressed
by factor q", q>1

Yukawa coupling with
massless state Y g™




How It works

VL
VYio W1 W2 Yin-1 I
m$ m\m$ m\m$ m\ m\r\n$ m'\ YH
Vro Wri WVr2 WVrn-1 Wrn
> Mixi f I
v i ixing of massless
Yo 10 0 0 L) g state in g,
R1 _q 1 O O qn-l
Wr2 O _q 1 O X qn_z 1/N
o m, = Y<H>/N
Rn
\O .. 0-q/ 1

Suppression factor
Massless state

(9" wro + 9" g+ Q"2 e + ... + W )/N
Normalization: N2 = 3o 1 qZJ'




Medium generated mass

Due to interactions with new light scalar fields

=

Interactions with usual matter
(electrons, quarks) due to
exchange by very light mediator

Interactions with scalar field
sourced by DM particles

Interaction with "Fuzzy" dark matter




e mass due £ ieractons withdarkmtter

. . H. Davoudiasl, et al
L =-gx0XX -g,0v, vy *h.c. 1803.0001 [hep-ph]
¢ - very light scalar field producing long (astronomical) range forces

X - Dark matter particle (fermion of GeV mass scale) source of the

scalar field
mV = 9V (I)

From equation of motion for ¢ neglecting neutrino contribution
to generation of ¢

_- gy Ny m, = 10-29 - 10-%6 eV is mass of scalar
" T mZ i :
¢ ny = <X X> is the number density of X
m, = 9r>r<\ gvrﬁx px - energy density of DM
¢ X gngv:IO'lg - mV=O.leV

Mass depends on local density of DM and different in
different parts of the Galaxy and outside




Iferactions with fuzzy dark matter - cvvooi

Ultra-light scalar DM, huge density p - as a classical field, solution

ot x) ~ 1020

Coupling To neutrinos g, ¢ viv; + ..
gives contribution to neutrino mass and modifies mixing

cos (m, 1)

Mass
states
oscillate

om (1) = g, ¢ (1) ABy, (1) = g, ¢ (1) / Amy

Neutrinos propagating in this field will experience time variations of
mixing in time with frequency given by m,

Period ~ month, bounds from solar neutrinos, lab. experiments

Observable new effects (and not just renormalization of SM
Yukawa and VEV ) if the field has

- spatial dependence
- different sign for neutrinos and antineutrinos




Soft couplings and small VEVs

Small neutrino masses
from gravitational 6-term
G. Dvali and L. Funcke,

Phys.Rev. D93 (2016) no.11, 113002
arXiv:1602.03191 [hep-ph]

0 I, No BBy, decay due to large g2
Neutrino mass generation the vertex does not exist
through the condensate
(crossed blue circles) via
non-perturbative interaction
(green circle).

BBg, decay - unique process
where neutrinos are highly
virtual

Certain generic features independent on specific
scenario can be considered on phenomenological level
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Refraction due o long range forces

Light dark sector scalars, vectors ...

Scattering via light mediators exchange:
A% Vv

A%

b
q2_m2
¢

f o he f

With decrease of m, and the same decrease of h

refraction (g% = 0) ~ h h; /m? does not change
inelastic scattering is suppressed as h h;/q?

Refraction effects dominate at small m,

X [ |
Potential V= —4422 nfL 'n scalar case

A contributes to mass

humber density of scatterers




EW - LHC scale

- No hierarchy problem (even without SUSY)
- festable at LHC, new particles at 0.1 - few TeV scale
- LNV decays

Low écale SeesaW 1. oo Snall VEV

Higgs

One loop Triplet
27 Two loops New Higgs
=0y . p doublets
Three loops

scale
| 4

Neutralino as
RH neutrino

Inverse
seesaw




Rematkstontsteranautiines

Most of discussion in 3 neutrino framework

Rather plausible that new neutrino states exist

Depending on mass and mixing they may or may not affect
our consideration significantly




3 1) scheme &

Interpretation

Strong perturbation of 3v pattern:

M9~ MaU 4 Ugy ~ \IAm322

Effect of possible sterile
neutrinos can be neglected if

maBi”d <L %dAmZIZ ~ 3103 eV
U 4|2 <103 (1 eV/m,)




Large flavor mlxmg from steriles

Mee e Me. no contribution from S

mgf:ix o M M to BBy, decay, but S do

o contribute to oscillations

m,= m, + m.4 eV scale seesaw

02 04 04 m.. (2.0 2100
28 20 |102eV Ming :l—eL?/ 20 45 |102%eV

3.0 _

produce dominant
nt-block with small APUL

determinant e\ xon Mm.s M,s M. may have
grna® certain symmetry




Summarizing results




Quark and Lepton Mixing

No immediate relations, ,
Partially

equalifiis ront mechanism connected e.g. in seesaw
of generation of masses type-II
of quarks and neutrinos

Still some relations can be obtained within GUT since
the same 126 contributes to quark masses

912' ~ TC/Z - 912‘7 - %C
QLC -relations
623l ~ TC/Z - 623q
1 :
05 ~ 7z 0. Predicted from QLC

Other quark mixing angles can be involved
But they give small corrections to these relations




Neutrino weak states

Lw 1/2 Vi = %(1 - Y5)V
O ey B

neutrino weak states, form doublets
(charged currents) with definite charged leptons,

Vi Vi

Neutral
current
7 interaction

% viyr(l - ve)vi Z,

Conservation of lepton numbers L., L, L,




T2K results D. Karlen, ( T2K Collaboration)
Universe 2019, 5(1), 21.

Update 2.2 > 2.6x10 2 POT

Mol By 10 T2K Run 1-9% Preliminary
= '

{ — Unessiliated PradicBen a1, v |
kL Dscllated with Rescior Consiraint [ _:‘_ﬁ':::‘:rfﬂ ]
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- i A — Irveried - $CL. 7
£ T2K Run1-9 Preliminary Foo(b) ]
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Piconsrucnin Werne By IG‘:';E ' e benCh mClr'k
t L) values
The rate of muon-neutrinos inthe Confidence intervals for the atmospheric
far detector. Data vs. expected oscillation parameters for the normal
rate for the best fit oscillation and inverted mass ordering .

parameters.




T2K results

T2K Runl-9¢ Preliminary
S B U R R

U: T T T T T T T T T T T T T T - r

o 18p I I ! B __T2K Runl-9 Prelaminary
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) - — Aml, 244107 eVie! il B =
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E = O ‘31-', 14 ::_ L =
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E 4-| 1 I 1 1 | 1 I 1 11 1 I 1 1 1 1 I 1 1 | 1 I 1 11 1 I 1 1 1 1 I 11 |- a
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Neutrino mode electron candidates . )
The frequentist 20 confidence

The expected numbers of v, and v, events intervals on 3¢p

for optimized systematic parameter values.
The solid (dashed) ellipses are for NO (IO)

Jagged - expected 1o regions for Best fit close to
sin? 0,5 = 0.5, 5, = - n/2 with different maximal CP violation
treatment of systematics: random with

external data (blue) or Poisson random (red)




NOVA Collaboration (Acero, M.A. et al.)
v resu s arXiv:1906.04907 [hep-ex]

First measurement of neutrino oscillation parameters using
heutrinos and antineutrinos by NOvA

0.7_—”""”'
-r\ioninall Hileralrcl1ly SJIUW; CIL | R
- NOVA  — - MINOS 2014 -
30 ---- T2K 2018 - lceCube 2018 —
| - skoo018 1
S ]
m - —4
© | l
s 1 ;
= - [ .16 --26 —30 e Best fit NH]
< B ] 0.3 T
- 1 0.7:- S - o
2.0 * Bestfit —
] 5 ! | ] | 0.6F
0.4 0.5 0.6 >
Slr'lzﬁ23 %"EU.S;
Best fit point (NO): T
no CP violation, 5 = O. "1
: [ 26 —3
At 1o any value is allowed N H.
0 N ™ T 2n
2 5 2




1< miXing from reachor

Double Chooz IV
TnC MD (n-HZn-CEn-Gd)

Daya Bay

PRD 95, 072006 (2017) p-Gxd
PRD 93, 072011 (2016) n-H

RENO
PRL 116, 211801(2016) p-Gd

T2K
PRD 9, 092006 (2017)
2
A my, > 0
2
A my, < 0

0.05

First Double Chooz 613 Measurement via Total
Neutron Capture Detection - Double Chooz
Collaboration (de Kerret, H. et al.)

arXiv:1901.09445 [hep-ex]

H |
Total Uncertainty,

Statistical U nurtulnh

Sin'(26 j=0.105) 014|—|—.—|—|

|-.-| {sin (26, r-ﬂnmiums

F——- sin (26, J—ﬂﬂ?l*ﬂﬂll
H——e—H sin’(26,1=0.082:40.011

Margmdllmimn (8 wﬁu]

The most precise published
reactor measurements of 6,3
from DC MD TnC , DYB and RENO .

DC result shows a [25,48]% higher
central value whose significance
ranges [1.3,1,9]o compared to
other reactor measurements.

The T2K larger uncertainty is due
to the marginalisation over 6,5
and CP violation.




Atmospheric neutrinos

ANTARES: measurements of 2-3 mass and mixing

IceCube Deep Core: tentative attempts to extract mass hierarchy

ORCA: 2 strings employed

Super-Kamiokande Collaboration
(Jiang, M. et al.) PTEP 2019 (2019)
no.5, 053F01, 1901.03230 [hep-ex]

Super-Kamiokande -IV

Atmospheric Neutrino Oscillation Analysis With Improved Event
Reconstruction

- A new event reconstruction algorithm based on a maximum
likelihood method developed .

- Improves kinematic and particle identification capabilities,
- Enable to increase fiducial volume by 32%

- increase the sensitivity to the neutrino mass hierarchy.




- Super-Kamiokande Collaboration
u erl amlo an eresu s (Jiang, M. et al.) PTEP 2019 (2019)
no.5, 053F01, 1901.03230 [hep-ex]

253.9 kton-year exposure

10 0.0035[
! SK-IV 3118.5 days i
i (FiTQun analysis) -
8 L
- 0.003
| 99% i
T R
= <J 0.0025|-
4}-95% = L
[ oo I
g 0.002(
21— \/&IO i SK-IV 3118.5 days
| 68% L (FiTQun analysis)
O304 05 o8 07 00018 5636 '614'6.:14'5"615'2'6.%'616'6.56"6}"
sin’e,, sin8,,
Super-K constraint with no The best-fit value, (star) is the same for
assumed bounds on 13 mixing NO and IO. sin%6 ;53=0.0210 + 0.0011.

The contours - relative to the global bf.

Weak preference for the NO,
disfavoring the IO at 74%




i
General relatlon Normal mass ordering

sin20,5 = sin%0,5 sin%0, (1 + O(12))

0.026 -

04
0.018t./. .
0.35

sin? 8,3

Dependence of 1-3 mixing on 2-3  Allowed values of parameters of Uy
mixing for different values of the Best fit value: 6%,5 = 429

phase a. Allowed regions from the
global fit NuFIT 2015 RGE effect from maximal
mixing value at high scale




Summarizing results

U

wlo SK-atm
3o

3

with SKk-atm __

legh

0.797 — 0.842
0.244 — 0.496
0.287 — 0.525

0.797 — 0.842
0.243 — 0.490
0.295 — 0.525

0.518 — (1.585
0.467 — 0.678
0.488 — (.693

0.518 — (1.585
0.473 — 0.674
0.493 — (.688

NUFIT 4.1 (2019)

0.143 — 0.156
0.646 — 0.772
0.618 — 0.749
0.143 — 0.156

0.651 — 0.772
0.618 — 0.744

0.866
0.408
0.408

0.577 0
0.577 0.707
0.577 0.707

But there are correlations between elements




NUFIT 4.1 (2019) |

Summarizing -~

without SK atmospheric data
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Summarizing results

Bounds on 8. from MINOS (green),
NOvVA (dark-redwood), T2K (red) and
their combination (blue). Left (right) i
panels are for IO (NO); for each 101/
experiment Ax? is defined with L
respect to the global minimum of the  ,F
two orderings. For NOvA we also show
as dotted (dashed) lines the results
obtained using only neutrino
(antineutrino) data. The upper panels
show the 1-dimensional Ax? from LBL
accelerator experiments after
imposing a prior on 8,3 to account for
reactor bounds. The lower panels show
the corresponding determination when

NUFIT 4.1 (2019) |

II|II|II|III\I
— Minos

....... NOVAV

—— NOVAV

— NOVA (v & V)]
— T2K ]
— LBL-comb

15

— R + Minos

e R+ NOVA v
—— R+NOvVAV
R+ NOVA (v & 7)1
R+ T2K ]
R + LBL-comb

the full information of LBL and e | [ A
reactor experiments is used in the %0 e 10 20 s00 0 180 270 360
combination. In all panels solar and e %

KamLAND data are included to
constrain Am?,, and 6,.




Refaction due o very ight seala mediator =7

[hep-ph]
: , 07 o 2 5 /2
Neutrino scattering on electrons (b) Am3, = 7.5x10%V2 ——

. . S \2 _____
via very light scalar exchange U a9 eV 1

0.5
3

(a1

The solar neutrino conversion 0.4 1
probabilities with scalar 03 |

NSIs vs. Borexino results.

To satisfy bounds on h, h, (especially from searches of 5th force:

1/m¢ >> REar"rh

- strong suppression of the potential V = Vo m,Rey1,

To avoid bounds - cancellations in 5™ force experiments - not
shown if this is possible




After more than 40 years of theoretical studies, thousands
of papers written we are not far from the beginning:
“ground zero" determined by experimental measurements

Big temptation to gj
JOkeS, if nNotT one Poin’r es as

Enormous efforts in determination of matrix elements,
cross-sections, systematics, backgrounds...

collection of

parameters

| this is To measure neutrino

And a

We measure heutrino parameters 1o establish
t+he underlying physics.




High scale seesaw, unification

m, = - mDTl mp q - | similarity: mp~m,~m,

Mg

Lepton number violation

[ Mgyt ~ 1016 GeV for the heaviest in the presence of mixing

2
108 - 10¥4 GeV Nlt;\;UT double seesaw
Pl

| 1016 - 1017 GeV many heavy singlets (RH neutrinos)
..string theory N ~ 102

In favor = Gauge coupling unification
Leptogenesis

Seesaw sector is responsible for inflation
(scalar which breaks B-L and gives masses
of RH neutrinos), dark matter




R.N. Mohapatra
J. Valle

Three additional singlets S which couple with RH neutrinos

O my" O \
mg O M [V
0 My M, J|S Ms ~ Mp, Mp ~ Mgy

M, - scale of B-L violation

= m=mT My Mg Myt mg Ms>2 Mo

M; = MTMT M, can be very hierarchical

Important feature:

. _ m. ~ M hierarchical Dirac
if mp=A My ‘ . > structures disappear




More than usual See-Saw!
Scale of sepsaw | = -mor s

q - | similarity:  mp~m, ~m,
for one third generations M, ~ 2 1014 GeV

herarclly s = - mot (rrayt e

Quadratic hierarchy

Difficult to reproduce

Can be explained in the framework of double seesaw



R.N. Mohapatra
J. Valle

Three additional singlets S which couple with RH neutrinos

O my" O v
me O M7 |[V° Ms>> My

0 My Mg JI° M - scale of B-L violation

RH neutrinos get Mg = MgT Mt My

mass via see-saw

1. strong mass hierarchy My~ my and Mg has no strong hierarchy
2. intermediate scale of masses  if Mg~ My, Mp ~ Mg,
3. Flavor structure:

‘ m,= mDT MD_IT MS MD_I mD

This explains

AY.S
: _ m, ~ M M. Lindner,
f mo =A M, > may have certain M.A. Schmidt
symmetries AY.5




Mass and Mixing

Ingeneral  Maximal - degeneracy

n Thi
mixing of masses sﬁﬁﬂff tfg:hl-z
Charged Lepton hierarchies:
mixing explains
deviation from
maximal
Still
degeneracy
is possible

2-3 mixing is close tfo maximal but 2-3 mass

quark sector relation gp|itting is large. Complete degeneracy is
Still possible disfavored by cosmology

Simple symmetries >
0 ~ “ m, degeneracy, massless states
ms




Standard parametrization

Upmns = UzsI; Uzl 5 Uy, l; = diag (1, 1, €°)

. 5 )

C12C13 $12C13 S13€°

is is
-S12C23 - C125,3513€ C12C23 - S12523513€ S23C13

5 5
\512523 - C12C,3513€ -C12S23 - S12C23513€' C23C13/

Cy, = COS 0,, , etc.

6 is the Dirac CP violating phase

0y, is the " solar” mixing angle

0,5 is the "~ atmospheric” mixing angle
043 is the reactor mixing angle




Summarizing results
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W0 [00p mechanism

K S Babu, E Ma

If usual neutrinos mix with heavy Majorana lepton N

4th generation of fermions - main contribution




S0lar neutrinos: A+ tension

NUFIT 4.0 (2018)

GS98 w/o DIN frgm SK /4 Origin of tension:

!

R - Absence of the upturn

— KamLAND of spectrum (SNO, SK)

- 50% larger than expected
D-N asymmetry for the

bf Amy,?

N

o 2
- sin°0,, = 0.0224

[107° eV?]
T
| | | | 1 11 | 1 11

2
21

Am

Yellow lines - without
the DN effect

III|III|lII|I

IIII|IIII[IIII|IIII ’|II

0

0.2 0.25 0.3 035 0.4 6

n0 Am2 1075 eV
sin‘6,, m,, [ eV']

l\)III|III|III|III|II\|II|

00}
-
S

o o o o Contours for solar models with
68%, 90%, 95%, 99%, 3o different metallicity) also with

CL contours and without DN effect :
tension starts

to disappear?




] SNO+ Collaboration (Anderson, M. et al.)
o ar neu "nos + resu s Phys.Rev. D99 (2019) no.1, 012012
1812.03355 [hep-ex]

Water phase: Measurement of the 8B solar neutrino flux in SNO+ with
very low backgrounds S/B ~ 4, E > 6 MeV 1147 days of data

.
n

sofF - — Bin-by-Bin Fit
g — MC (Fitted Flux)]
40 == O (SNO Flux)

.
=

~ ¢ Data

| — Sig. + Bkg. Fit

i Syst. Uncertainty

- 60.0<T, <150 MeV

_ ) e
+_ 2_--__ll|ll“ll|lllllllll|llll|llllllllllllllllllllllll-

L . 15 1 . .
5 ++ 7 : 1: ; I —
PR S ST SN ¥ S ¥ Y S G § : | (L R . S T

Tl
N

2
tn
LI
|

]

=
T
|

N
T

Counts / 114.7 Days / 0.05
=
I
|
Counts / 114.7 Days / 1 MeV
=
T
|

10 E
ke |
. | A
—01.0 0.8 06 04 =02 0.0 02 04 06 {:062 Hu]n.{] 2 L 7 B 9 10 11 12 13 T, 1[1-1&"!.’1]}
Distribution of event directions The ?XTF‘GCTZd event rate as
wrt. solar direction function of reconstructed

electron kinetic energy

69.2 kt-day dataset
Flux: 2.53 [-0.28+0.31(stat) -0.10+0.13(syst)] x 10¢ cm 25!




Deviations from TB

D13 = O‘Sin2913 DIZ = 1/3 -Sin2912 D23 = %-Sin2923

Deviations - consequences of symmetry
(complicated groups) - “direct”

Deviations - violation of (simple) symmetries - "semi-direct”

"Sum rules”

Ref. Nothing
fundamental model

dependent
Deviations related to mass ratios?

Z,xZ,-TBM
Z, - only one column in the mixing matrix is fixed, e.g. TBM,



Quark and Lepton Mixing

Patterns of mixing are strongly different

Un Partially Fully
connected connected connected
. . , by symmetry:
Different mechanism QLC -relations .
of generation of masses d'ﬁ:.' cult to
of quarks and neutrinos realize
912' ~ TC/Z - 912‘7 = QC
e.g. in seesaw 0,5 ~ /2 - 0,59
type-I1 1
0,5 ~ 7 g, Predicted from QLC
In general Upmns = Uckm™ Ux Uk = Vierm

Bi-maximal or TBM matrix
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