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Neutrino oscillations  Bruno Pontecorvo SuperKamiokande

Dubna, 60-years ago ... Mr. Neutrino
(22.8.1913-24.9.1993)

Zh.Eksp.Teor.Fiz, 32 (1957) 32
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Observation of v-oscillations = the first prove of the BSM physics
mass-squared differences: Am?g,,= 7.5 10-° eV2, Am?,;y = 2.4 103 eV?

The observed small neutrino masses (limits from tritium 3-decay, cosmology)
have profound implications for our understanding of the Universe and are now
a major focus in astro, particle and nuclear physics and in cosmology.
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NOo ranges for single parameters (all data included):
[F. Capozzi, G.L. Fogli, E. Lisi, D. Montanino, A. Marrone, and A. Palazzo, arXiv:1312.2878]

TABLE I: Results of the global 31 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3o ranges for the 3
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that Am?® is defined herein as
m3 — (mi 4+ m3)/2, with +Am” for NH and —Am? for TH. The CP violating phase is taken in the (eyclic) interval §/7 € [0, 2].
The overall v~ difference between ITH and NH is insignificant (Ay; 5 = +0.3).

Parameter Best fit lo range 20 range 3o range
dm? /1073 eV? (NH or IH) 7.54 7.32 - 7.80 7.15 — 8.00 6.00 — 8.18
sin® f12/10~" (NH or TH) 3.08 2.01 - 3.25 75 — 3.42 2.50 — 3.50
Am? /107 eV? (NH) 2.44 2.38 — 2.52 2.30 — 2.50 2.22 - 2.66
Am? /107 eV? (IH) 2.40 2.33 — 247 2,25 — 2.54 2,17 — 2.61
sin® f13/107% (NH) 2.34 2.16 — 2.56 1.97 - 2.76 1.77 - 2.97
sin® f1a/1072 (TH) 2.39 2.18 — 2.60 1.98 — 2.80 1.78 — 3.00
sin” fas /10! (NH) 4.25 3.08 — 4.54 3.76 — 5.06 3.57 — 6.41
sin? flas /107" (IH) 4.37 4.08 - 4.96 & 5.31 - 6.10 2.84 - 6.37 3.63 - 6.50

/= (NH) (ﬂr_k 1.12 - 1.72 0.00 — 011 & D88 — o
5 /= (IH) 1.35 0.96 — 1.59 0.00 — 0.04 & 0.65 — 2.00

_— @

Fractional uncertainties (defined as 1/6 of 30 ranges):

0,,,0,,,0,08 = asinPDB sin%e,, 549, An indication of CP violation
d range = [0,2W] (eterspreerlnn)  gin2g . 8.5 % in neutrino sector
Am? = (Am?3, + Am?;,)/2 sin?8,; ~11 %
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Fundamental properties of v

After 61 years No answer yet
from v observation
o IR * Are v Dirac or

Majorana?
*Is there a CP violation
in v sector?
* Are neutrinos stable?
* What is the magnetic
moment of v?
 Sterile neutrinos?
* non-standard int. of v
* Statistical properties
of v? Fermionic or
partly bosonic?

* 3 families of light
(V-A) neutrinos:
Ves Vppo Vo
* v are massive:
we know mass
squared differences
* relation between
flavor states
and mass states
(neutrino mixing)

Currently main issue

OvpB-decay: Nature, Mass hierarchy, CP-properties, sterile v

The observation of neutrino oscillations has opened a new excited era in
neutrino physics and represents a big
step forward in our knowledge of neutrino properties
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The answer to the question whether neutrinos are their own antiparticles
Is of central importance, not only to our understanding of neutrinos, but
also to our understanding of the origin of mass.

What is the nature of neutrinos?

Actually, when NMEs will be needed to analyze data?

Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

Only the Ovpp-decay can answer this fundamental question

Analogy with Could we have both? Analogy with
kaons: K;and K, (light Dirac and heavy Majorana) T



e .t S.M. Bilenky,
Minimal SM + EFT Phys.Part.Nucl.Lett. 12 (2015) 453-461
The absence of the right-handed neutrino fields in the Standard Model
is the simplest, most economical possibility. In such a scenario Majorana mass
term is the only possibility for neutrinos to be massive and mixed. This mass
term is generated by the lepton number violating Weinberg effective Lagrangian.

ff lep le
£ =1 3 (W) Vi (7 01)
U U
v x x
mp =5 (yw), =123 A210%GeV : :
i HO. I HO
Heavy Majorana leptons N. (N.=N¢) 1 N !
. 1 1 1 I I
singlet of SU(2), xU(1)y group vy T L
Yukawa lepton number violating int. g v Y, L

The three Majorana neutrino masses are suppressed by the ratio of the
electroweak scale and a scale of a lepton-number violating physics.

The discovery of the Bp-decay and absence of transitions of
flavor neutrinos into sterile states would be evidence in favor of this minimal

scenario.



The simplest 0 vBB-decay scenario
(SM + EFT scenario)

0 —1 as 2 4 1 0 2 v
(Tl E) — |7 ) A ;'.:f” T
' e
(AZ) —> (AZ+2) te + e
transition G'"(Eo,Z) sz Abund. |[M"7]?
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) BONd — 1599m 26.9 3.667 6 7
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2 0T — 130X 555 2533 34 ?
i 82Ge — 2 Kr 3.53 2.995 9 7
e — 8¢ 0.79 2.040 8 /
| | |
2 A o+ 2 The NMEs for Ovpf-decay must be evaluated

using tools of nuclear theory



I. Effective mass of Majorana neutrinos
(in vacuum)
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Complementarity
of OvpB-decay,
B-decay and
cosmology

B-decay (Mainz,
Troitsk)
2
‘HI B =
S UEPm? < (2.2 eV)?
KATRIN: (0.2 eV)?

Cosmology (Planck)
> < 110 meV

mgo > 26 meV (NS)
87 meV (IS)



II. The sterile v mechanism of the 0 vgf3-decay
(D-M mass term, V-A SM int.)

active-sterile
Q=s,C,uU,T neutrinos

AT Mixing of
N= Y UyavVa

Dirac-Majorana Light v mass ~ (my/myyy) my,
mass term % Heavy v mass = my \y

0 i
M vy
small v masees due to see-saw

mechanism
4/21/2017 Fedor Simkovic 13



Possible lepton number violating scale - m; \v

Neutrinos masses may offer a great opportunity to jump
beyond the EW framework via see-saw ...

10" ' How heavy are the heavy Majorana
GeV neutrinos?

g’lsf ' to unify strong, weak & electromagnetic forces?
€
Conventional (Type-one) Seesaw Picture: close to the GUT scale
103 ' TeV Seesaw Idea: driven by testability at LHC
GeV
to solve the unnatural gauge hierarchy problem?
10-6 kev Hot dark mattter

GeV



Left-handed neutrinos: Majorana neutrino mass eigenstate N
with arbitrary mass my

Faessler, Gonzales, Kovalenko, F. S., PRD 90 (2014) 096010]

2
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. 05| (x) ) (n JT 0F 1
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Particular cases
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T%,,("%Ge) > 3.0 10> yr

Exclusion plot
P T, ,(136Xe) > 3.4 10% yr

in |U|*> — my plane
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Improvements: i) QRPA (constrained Hamiltonian by 2v[33 half-life,
self-consistent treatment of src, restoration of isospin symmetry ...),
ii) More stringent limits on the 0v33 half-life



II1. The OvpBB-decay within L-R symmetric theories

(D-M mass term, see-saw, V-A and V+A int., exchange of light neutrinos)

Effective 3-decay Hamiltonian left- and right-handed lept. currents
Gﬁ . p . P — n
J”'jj - \/ﬁ |:ij JL;J- —l_ X -;'.L J_Hﬂ .?LF — Eﬂff(]' - Tﬁ)yﬂf_ﬂ
s = ey (1 + v5)v.
+ njHJj_,p—l_ ;’\j' JH{J+I?P:|‘ R JII( —I—) P
Mixing of vector bosons W, and Wy n = —tan(, x =71,
W, B cos ( sin ( Wi A = (fl,j" W / M Wo )2
We - —sin( cos( Wy
The OvBp-decay half-life
{T[]{f } L FDH 4 |flir ) 1|2 C |m55| ?
1/2 - In 2 — A &y T m, <k> _ WL-WR exch.

m ‘ mgaa
+C, | 55| (A\) cos iy + Cr,m | | (1) cos g

e e

<n> - W, -W; mixing
Py 2 iy 2 fy oy
-+ C}L}L "1)\;" + Cr;r; {1”;" + C}mﬂ)\} {1”;" COS ('!/jl - '!{'/*’12) }

4/21/2017 D. Stefanik, R. Dvornicky, F.S., P. Vogel, PRC 92, 055502 (2015)
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3x3 block matrices Zhi-zhong Xing, Phys. Rev. D 85, 013008 (2012)
U,S, T,V are

generalization of PMNS matrix  Bgasis 6x6 neutrino mass matrix

U-s T My, M
TV Wi, (NR)') M ( Mp M;
15 angles, 10+5 phases
Decomposition y— (10 A R Vo 0O
V0 U, S B 0 1
The see-saw structure and neglecting
mixing between different generations Approximation
A=1, B=1, R= D 1, S~ — D4 Uy ~ V;
Mminv mrnv

LNV parameters

T \ 2 m
() |~ R (MH_I) g [~ ——tan(Q) |  |g ~ 082

mpNv 20
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IV. The QypB-decay within L-R symmetric theories

(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)
J.D.Vergados, H. Ejiri, , F.S., Int. J. Mod. Phys. E25, 1630007(2016)
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Two non-interfering mechanisms of the 0vfBf-decay
(light LH and heavy RH neutrino exchange)

Half-life:
1 2 0 O
_ = |, [P M| | M’
T[EII;],. *TL']V[:_E. Z\J |?? | | Lf|

Set of equations:

PN

1 '[Iv 2 Du
— = 1+ M’y
TJ(*{J l | |I?H| |
1
’}!‘2(':2 B 2
Solutions:
2 = (M PTGy — | MYy | TGs
’ (MY R MG |2 — | MY |2 M |2
il M"Y )2 oGy — |1[’ 2 /TG
& MY 2| MY |2 — [ M 2 MY )
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Fedor S A. Faessler, A. Meroni, S.T. Petcov, F. S., J.D. Vergados,

Phys. Rev. D 83, 113003 (2011); JHEP 1302, 025 (2013)



Two non-interfering mechanisms of the 0vfBf-decay

(light LH and heavy RH neutrlno exchange)

The positivity condition:

¢0 2 e |2 ; C
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V. Nuclear medium effect on the light neutrino mass exchange
mechanism of the Ovff-decay

S.G. Kovalenko, ML.I. Krivoruchenko, F. é,, Phys. Rev. Lett. 112 (2014) 142503

A novel effect in Ovpp decay related with the fact, that its
underlying mechanisms take place in the nuclear matter
environment:

+ Low energy 4-fermion AL = 0 Lagrangian

+ In-medium Majorana mass of neutrino

+ OvpBp constraints on the universal scalar couplings

Non-standard
v—int. discussed
e.g., in the context
of v—osc. at Sun

| nuclear
' matter

Psyn = 1.4 g/cm’
e PEarth ~ 3.5 g/cm3

\\u e pnucleus= 2.3 1014 g/ Cl’l’l3

d



Non-standard interactions might be easily detected in nucleus
rather than in vacuum

Low energy 4-fermion

- AL # 0 Lagrangian
90, O NN O,
: Z Z(QOAQ)(VO' V),
q > m, >M,,.
Ovpp-decay
oscillation experiments density — q
tritium B-decay, cosmology
4

zvac — % zr‘jiedlum — %+



Classification of the vertices gO, and gO’,

r I —~_ . ey 1 ) ’ 6
freew — 7 vity" My — = E Vs . _JIX = a Ta
reer Ty Z s Hpa g ~ Lo = —4qq gij']ij
i 1 m —
a=1 1ij

In nuclei, mean fields are created by scalar and vector currents (c, o).
Vector currents do not flip the spin of neutrinos
and do not contribute to the Ovpf decay.

Symmetric and antisymmetric scalar neutrino currents J?;

S a S a A

vivy | 3| 0u(Divsy vy) | 5| Ou(@iy'v;)

— o & li -<;_> ] —C IJ -{T>
vitysv; | 4| vy (),u.yj 6 | ;5" 1 J uV;j

N = || &

g?; are real symmetric for a =1,2,3,4 and imaginary antisymmetric
for a = 5,6. In the limit of R = o, the currents a = 3,5 vanish.



Mean field: 99 —>(79)  and (74)~05(q"q) ~0.25fm™

8y = A comparison with Gg:
The effect depends on (7)= —?(qcﬁ
v

8,81 _Gr .
. _ G, ,_ m, N2
Typical scale:  (y)g" = —T;(q@g; ~-25¢] eV
. 2, |5
We expect: 2560 <1—>m’ >25 S8 1 TeV?
F

g, =082, £,50¢

Universal scalar interaction ijSa ij ij“a

/

In medium
effective
Majorana v mass

Z wm+umu+«w&)
(1-(x)g,) |
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Regions of admissible values of (x)g, and m, (m;;=0.2 ¢V)

lOE l T IIIIII| T T TTT II| T T IIIIII| I T TTT 3 _3 (}'17 ~ ;-3
- NS cosmology - (1) = 0.17 fﬁ’l — (5 OTJS(TEI
B T Apny > 2.4TeV (Planck)
i 1.1 TeV (Tritium)
o | =
Vore | &; <0.02 (Planck), 0.1 (Tritium)
- I <::x,j:>g1 < 0
- B<1g, >0 Using experimental data on
0.01 the OvBf decay in combination
IS with B-decay and cosmological
_ data we evaluated the
R 4  characteristic scales of
- ] 4-fermion neutrino-quark
f\ﬁ operators, which is A \y > 2.4 TeV.
o -
o Mainz
Troitsk |
O. 1 | 1 1 IIIII| | 1 111 II| III| | 1 11111l PiOn decay: BR(noﬁvv) S 2.7 10-7
%001 001 0.1 1 10

m, [eV] Apny > 560 GeV



Instead of Conclusions

We are at the beginning of the BSM Road...
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