Helmholtz International Summer School

Nuclear Theory and Astrophysical Applications
July 10-22, 2017

I. Particle physics aspects
of neutrinoless double beta decay

Fedor Simkovic

JOINT INSTITUTE

%*?ERIMENTAL AND A4 ,

INSTITUTE Of
13
SJOISAHd a3l

o)

FOR NUCLEAR CTU INPRAGUE

RESEARCH




OUTLINE

e Introduction

* The simpliest OygBf-decay scenario
*The sterile v mechanism of the 0 vfBf-decay
V-A int. limit on U_, mixing
0 vBB-decay within the LR-symmetric theories
Importance of light and heavy v-exchange mechanisms
Effect of non-standard v~interactions on the 0vgf#-decay
complementarity of the cosmology, v»mass, 0 vg#-decay
observations
» The resonant neutrinoless double electron capture
«Conclusions

Acknowledgements: A. Faesler (Tuebingen), P. Vogel (Caltech), S. Kovalenko
(Valparaiso U.), M. Krivoruchenko (ITEP Moscow), S. Petcov (SISSA), D.
Stefanik, R. Dvornicky (Comenius U.) ...



Neutrino oscillations  Bruno Pontecorvo SuperKamiokande

Dubna, 60-years ago ... Mr. Neutrino
(22.8.1913-24.9.1993)
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Observation of v-oscillations = the first prove of the BSM physics
mass-squared differences: Am?%, = 7.5 10° eV2, Am?,;,,= 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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unknown (CP violating) phases: 0, o, o,



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 ki * 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? 80 years old problem.

Actually, when NMEs will be needed to analyze data?

AlP

GUT’s \

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



1937 Beginning of Majorana neutrino physics
Ettore Majorana discoveres the possiility of existence of truly neutral fermions

Charged fermion (electron) + electromagnetic field
L (0, —ey* A -m) T =0
("0, + eyt A, —m) U° =0

U=V forbidden

Neutral fermion (neutrino) + electromagnetic field
(iv#0, —m)v =0
(1740, —m) " =0

p’c — |/ allowed

Majorana condition

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

Here is the beginning of Nonstandard Neutrino Properties



The chiral fields v, and vg (it it exists)
are building blocks of neutrino Lagrangian

only v => Majorana mass term

| 1 1

~M T e - c . ey —_C
Lr = oMLV = —§7nL(I/L +vi)(ve+vr) = —§7nL(VLVL +vrvy)
1 T ~t —— T
= §mL(1/LC vy —CrL)
V}:Cbi
c _ prn——T T _ _, Tt
iy = CVL y VL = LC

vy and v => Dirac mass term

CP = —mpov = —mp(vL + 7g)(vL + vg)

7/12/2017 = _mD(VLVR + VRVL) 10



v, and vg => Dirac-Majorana mass term

Lo = LI+ Clf + P M = ( mp ma )
1 T\ mp m
_ _: (I/E m) ( myp Mp ) ( Vf ) + H_c_ D R
2 mp Mg Vg
1 1T T J'\TL = VL
— EJ\LC ﬂ.[i?\/L + H.C. Vf?

Diagonalization => fields with definite masses

Ny =Ung, np= ( e ) — UTMU = ( "61 0 )

I/2L m2

w1 1
CD'*"U — — Z 7nngLCT1/kL + h.c = —= Z My ViV
2 1212 2 =1

Uy = VgL + Vg Massive v are Majorana particles!
7/12/2017 Fedor Simkovic 11



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

m(v)

... and to address fundamental physics issues, such as:
* new sources of CP violation at low and high energies
* lepton nhumber violation and associated phenomena

 matter-antimatter asymmetry of the universe ...
12



. e S.M. Bilenk
-+ Y
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.

ﬁi..‘lr..'lr

-k @) Y ()

l1lo

m; = f—‘l (yiv), 1=1,2,3

m;=0.1 eV, y;=1, v=246 GeV = A >10"° GeV

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.



Heavy Majorana leptons N, (N.=N¢)
singlet of SU(2), xU(1)y group
Yukawa lepton number violating int.

See-saws

A natural theoretical way to understand why 3 v-masses are very small.
Type-I1 Seesaw

Type-1I Seesaw

v v Yk . A JoRY

x x HON 200 o

I I T
HO: :HO % 1 AO

vV, Y, YVT vy v, YA v,
M, ~ —02Y,——yT M, ~ A Ya -
v — I/MR v v ™~ N\A AMA
Type-I Seesaw: a right-handed Majorana neutrinos is added into the

SM.

Type-II Seesaw: a few right-handed Majorana neutrinos and one Higgs
triplet are both added into the SM.
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The simplest 0vBB-decay scenario
(SM + EFT scenario)

0 —1 as 2 4 1 O 2 (s
(Tl E) - m— ) A ;I'Iu T
‘i

(AZ) > (AZ+2) +e t+e

transition G'"(Eo,Z) sz Abund. |[M"7]?

- A=const (even) _ X IOHU [l\IC\r] ((T/E)

Z WNd— ™Sm 269  3.667 6 7
E BCq — BTy 8.04 4.271 0.2 ?
’é B7Zr — %Mo 7.37 3.350 3 ?
2 H6Crq — 165p 6.24 2802 7 ?
% B6Xe — 136 B¢ 5.92 2.479 9 ?
g 00N 7o — 190 Ry 5.74 3.034 10 ?
2 30T — 130 X e 555 2533 34 ?
i 82Ge — 2K 3.53 2.995 9 ?

6Ge — 8¢ 0.79 2.040 8 ¢

| | |
2 A o 2 The NMEs for Ovpf-decay must be evaluated

using tools of nuclear theory



Light v-exchange Ovp—decay mechanism
S.M. Bilenky, S. Petcov, Rev. Mod. Phys. 59, 671 (1987)

~ ——1' o
Majorana condition Cxr () = & xi(2)
Majorana particle < y.(z,)Ys(72) > = ! f _ e PLTL=2) Iy
AeTAs (27)4 yp—im)
propagator a3
— baﬁ(ml _ :’[“2)
< xl(z)x' (22) > = —€S(21 — x2)C
<X (x1)X(22) > = £CT'S(z1 — 2)

Weak 3-decay
Hamiltonian

o (] o —_— L
Neutrino mixing Ve, = Z Uik XkL

7/12/2017 Fedor Simkovic
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S-matrix term

_\2 G.E . o
S =‘J2)4Lé)jﬁWﬁhﬂmﬂwde&Hﬂﬁﬁﬁ%@ﬂx

T (ja(1)js(2)e ™ M9 gy

Contraction of v-fields

SN T 2 1+ 1+
< Ver(T1) V:-Lf (72) > = — Z (Ujif) &k ISSk(iEl — @r3) 20
k

i ) e -72)4g 1 4
— UL f , Lo
(27)4 Zk: ( f"") Sk, g% +m? 2

Effective mass of Mg = Z (U j;c)z EpTMy,
Majorana neutrinos k

7/12/2017 Fedor Simkovic 18



OvpBp-decay matrix element

. ANV r
< fISP)i> = mgs (7%) Ny NpyW(p1)7a(1 +75)750T" (p2) X

/E—ip1;rle—ip21'2 — /Eiq(m—zz)dq 9
(2m)* q°

< AT [Jo(21)Jg(22)] |A > dayday — (pr < p2)

Use of completness 1=2_|n><n|
< Aldy(z)ds(m)|A > = Y < AL (0,7)|n >< n]Js(0,F5)|A > x

o i(E'—En)z10 p—i( Ln—E)a20

Ge\: .
ﬁ) Np, Np, @(p1) Ve (1 +75)75CT" (p2)
After integration X f A diye” PLTL e P2
over time variables

T

< fIS¥)i > = -.im;ﬁ(

/ x

(2m)3 72
(f:_ A JL(0,Z))|n >< n|Js(0,7;)|A >
: : +
E.+q+po—F
< A'|Js(0,Z1)|n >< n|Ja(0,72)|A >
7/12/2017 E.~+q +po—F
X 270(E" 4 pio + peo — E)




Approximations and simplifications

|
|
.‘.ﬂHJ

1) Non-relativistic impulse approx. Ja(0,T) = Z T (0o +194(5) 00 )0 (
for nuclear current 2

2) Long-wave approximation for |
lepton wave functions
3) Closure approximation b, — <E,>

< f1SPi > = w(p1)va(l + ¥5)75CT" (p2) Aup,  Aap = Aga

Hadron part is Jo(0,71)J5(0,T3) = J5(0, 75) I, (0, F) /
symmetric

contribute

'F:r"& ,p:rﬁ — d-' &IS _|_ _ (,p:r_.&ﬁ;.-l fj I 'F:r f_‘? ~ Jr,.& )

2

OvpBp-decay matrix element

| | Ge\' . o 1
< fISPi> = imgs (T;) Ny, Np,(pr) (1 —75)Ca’ (Pz)ﬁ

x (Mf' - Qii'"l'fm')é(}‘?w +pao + M — M)

7/12/2017 Fedor Simkovic 20



Nuclear matrix elements =~ _ _ A’ Z T h(|Z, — Tom|)|A >
My = -:::A’|Z Tl % — T |) G - T A >

Neutrino exchange potential

h(|Zn — Trml) : f Ty
Ln — Lm — :
272 qu(qn+ < E, > —(E—I— EI)/Z)

N 1
|7
Differential Ovp-decay rate
4
dl'o,, ;?%T) |mﬁ| —|U;4 —g41f51 | (1 — cosB)
FE(Z) (g0 — & + 1) (£ + 1)d=sin 6d6

1
2ra(Z +2) 0= — (M — M' — 2m,)
F Z — =0 1 i e

(2) 1 — exp|—2ma(Z + 2)] e

Full Ovp[3-decay rate 1Gpm 2 12
y Fm, = |?Hg3| —|1Lflp —_l_l;-'q‘l«f{gj| F ( )

2 (2m)°

1
71212017 X o (25 + 1025 + 402 + 60=F + 30=)
)



I. Effective mass of Majorana neutrinos
(in vacuum)

_ 2 2 i
[mas| = |eiacize ™y my, my, m;, 0y, 03, 0y,
2 2 _ia 2 3 unknown parameters
+815C13€ My + S73m3) ( P )
2 4 4 2 14,2 4 2
: 2 2 4
quantity +2¢7,575C 31y cOS () — ay)
42075 C145131M1 113 COS (11 + 2575C155131Ma1M3 COS (v
Limiting cases
N l m T
orma ', Inverted T
hierarchy hierarchy Amg;y <__
V1
mp KL/ Am?, Ao, my < \/&mim
my V‘!ﬂmgum my o~ Mg \/A-mim
L
ms o~ \JAmI,, _T>A’”;"\
11121201/ : . .dor Simkovic ™




Imﬁﬁl [eV]

Issue: Lightest neutrino mass m,

QL)

ma

. T KamlandZEN-2016

10° =
10" 8 =
otk Excluded by |
: cosmology 7
- | | | I 1111 | | | | | | I | | | | | I |
10° -
10" 10 10" 10" 10’
m, [eV]
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Complementarity
of OvpB-decay,
B-decay and
cosmology
B-decay (Mainz,
Troitsk)

2

‘m BT

S UEPm? < (2.2 eV)?

KATRIN: (0.2 eV)?

Cosmology (Planck)
2 < 110 meV

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



Oy Oy [7]

Oy Oy [7]

= o o o = = o o =
EEN > vl - -3 NN > vl o
|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII
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b2

=
o
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|11
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II. The sterile v mechanism of the 0 vff-decay
(D-M mass term, V-A SM int.)

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

AT Mixing of
N= Y UyavVa

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

0 mn
1 I, wv
small v masees due to see-saw

mechanism
7/12/2017 Fedor Simkovic 26



Possible lepton number violating scale - m; \v

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

101° ' How heavy are the heavy Majorana
GeV neutrinos?

2)1; ' to unify strong, weak & electromagnetic forces?
e
Conventional (Type-one) Seesaw Picture: close to the GUT scale
10° ' TeV Seesaw Idea: driven by testability at LHC
GeV
to solve the unnatural gauge hierarchy problem?

GeV/5 Fermi

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
[ 1;3]_ 'D” 1 Z (Ufwmx) My, i'“uf"']”(mx,gf
General case N
M g5) = s S [ dydp M = 0,68 = M ()
) A myme 22935 ' o myme 7
_ 0Ll (x)|n) (n JT 0F 1
w P (x—Y) - (0; |2 (2)| N |2 = y)| ! >1:; — M"Y (my — 00, g%) = Umu(ga )
VP2 + ma (VP2 + ma? + B, — 257E) iy
Particular cases
T fg]_l = " gy x {my,) = Z NI
2 2
‘{:11—? : (Q'EH)‘ for my < pp < 1 > USK
2 — B -'
<nj- )?ﬁp‘ ‘11—;'}”(9;&)‘ fClI' MmN = PF¥ e N e
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T

2
, A= Gk Mg,
v1—1 2 Ty
pl - =Amy ) U N7 . MR (g5t |
/ Z ° )+ ma| (p*) = mpme |- I;Jﬂy(g jﬁ) ~ 200 MeV
3 ""IL: (.gil )
10 - | FIIIIIII LI IIIIITl LI IlIlIII LI IIIIL_‘L: L Illllll B IIIIIII I T TTTTTH T TTT1T7Tm
- 76 T 136 i
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>
é) - L -
2
— 10 3 E
" C m v
S N . ]
) o0 - i ]
g | _ :
e i ]
3 1
c~2 10
*
Z
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T%,,("%Ge) > 3.0 10> yr

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

in |U|*> — my plane

~

10-_ I IlIIlIlI I IIlIlllI I Illlllll I UL LB I T T TT1TTH

10 Other searches

2
U

u] 1 luuul T B RETT , :

Ge
OvpBp — 136

T lIlI1|T| T T 230

C 11

10-10 | 1 IIIIHI | | III]III | | Illllll | 1 lllllll | L1 1111
0.01 0.1 1 10 100 1000
m,, [GeV]

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
Hrj} - \/§ |:ij JL;J + X .?L JH{J .?LF = Eﬂff (1 o TS)UE:L
, M — Eﬁ. P l _|_ ..:__;yr‘
T, A JHI,—H?P}. Jr /A /5 )VeR
Mixing of vector bosons W, and W, n = —tan(, x =71,
W, B cos(  sin( W, A= (M, /My, )2
We - —sin¢ cos( Wy
The OvBp-decay half-life
{T[]{f } L FDH 4 |flir ) 1|2 C |m55| ?
1/2 — In 2 — G4 G mimn m, <)\> - WL-WR exch.

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

m"’ c T

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

<n> - W, -W; mixing

711272017 D. Stefanik, R. Dvornicky, E.S., P. Vogel, PRC 92, 055502 (2015)
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S AR

SN

'
Mgy

o
/4
d
d =

-momentum

<A> M
d >
d
u

S |(N

Left-right symmetric

models SO(10)
3
Ver, = Z (E’r{:‘jl{jL -+ S!’_,j(NjH)C) 3
i=1
3
ver = (T5(w;n)C + V5 Nir)
j=1
(A) = A Z Ue; T
{:”} = ‘ Z Uf J Tf*j
32



Assumption Mg » my, See-Saw mechanism

e @) (o b2 ) (%)

ud s ¢ b t

" vy Vs 8 1i M |
L . VI | | | | | L ' L T ;‘ Py _ v

1074 1072 1072 10°! 10° 10! 102 10% 10* 10° 108 10° 10% 10° 101 10"

m  [eV]

Left-right symmetric
models SO(10)

light heavy

1u

large
light heavy

(Ver)" = Z I@i%ir"z VerVir

small

N

Ve = Z Uiz + Z U
i=1 i=1

T

small

Fedor Simkovic

large

10"

Probability of
Neutrino Oscillations

As N increases, the formalism
gets rapidly more complicated!

N Am.2 0. CP

1]
2 1 1 0+1
3 2 3 1+2
6 5 15 10+5 =



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
z,{:( ) AT yeyd _( ML Mb
TV we, (Ng)') M ( Mp Mpg
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;
mrnv mrnv

LNV parameters

Too \ 2 m
Ol (M) g (0~ an(© el = o

LNV 34



M, =

U

2
N T f'.-fm:‘l |£|
mrLyv \ Mw,

OvBP equivalence

0.1

ol

0.01

l<A>/m
T T IIIIII|
Ll

0.001

0.0001

'“n=1 MeV

10 100
M, [TeV]

Clear dominance of mg, over <A> mechanism 50
by current constraint on mass of heavy vector boson
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mp

0.0001

() | = tan (¢) [€]
miNv
I.Elllr; I_Il Ih,.lelv | || L | | ||| L | | rerr1T 1 | | E
D excluded :
L - _
E 0.01 %_ OvBP equivalence _%
AT ]
Vo ooolk Ve -
0.0001 E
I T I | | 1 T I | | | | 1 T O | | |
le-05
1 0.1 0.01 0.001
tan(G)
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Dominance of mgg over <A> mech., but might be also comparable
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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)

2
0 O 2 g0 Lo q0u ov |2
(T oG "'g,q) n, MY 4+ ny My | + “"h My
n, = ﬂ?fﬁfﬁ _ Z((U[]) )2 T}IL _ Z(U EmeN Vv
Me j oM, . miny 50 M;
~ my 'mi, Z (F]}g m; M NV N My ( mp )3 Z MINV
~~ 0 ) eq - =
MENy MMy - n ’-I::'_;:- MLNv  NTMLNV ~ M
) 2
R mp fhr'lw’l"l Ugg o MM LNV n >> nLN
”.1'\- _ ﬂf ) Z( ) ) flrf v
mrLNv TW, i 1
2
~ mp My, Z (Vi }z MLNv
~ 0) i
mpny My, “ M,

Z(Un 2 Ty mLNl ~ Z(VD imLNL

M, and NRy might )
be comparable, if e.g. D Apov (M wl) MY 39
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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 O 0p -
— = M’ )P+ M|
T] (:] 1. |I?H| | 1.N
1 .
2 2 2 a0 2
. — ¥ ” —I_ | :'1_{ AT
T,G, 2, | 17r| 7| 2,N
Solutions:
2 = M PTGy — | MYy | ToGs
’ | MY 12| M5 |2 — | MYy |2 M7 |2
e (M"Y )2 ToGy — |1[’ 2 /TGy
. (MY 2| MY 2 — [ M 2 MY )
7/12/2017

Mgag
.Tf,, =
2 ! me
V—-A > V4 A >
WL e WR e
y >
xi0, Nz Y Nr Y
r - > -
WL e WR e
V—A V+ A

r !Jrf — ( ﬂf"r )LL hfy vV 2 ﬂ
N _-'1'{“.»' B I ck J,f_:f

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 0vfgf#-decay

(light LH and heavy RH neutrlno exchange)

The positivity condition:

10 2 e |2 SI -
TG | M")"] e < TG M| = ook
GQ|U’D” 2z =77 Gg|w“f”|‘3 =

Very narrow ranges!

5e-10

Pure mgg mech.

0.03F

0.01F

76
Ge

130

Te

le-09

0

Tlﬂy (?ﬁ(;ﬁ')
/2 ;
110 < 7 iy < 173
120 -
I, (2 Se)
: /2 ;
A7 < < 4.
3 7 — TP;E(HH}{F) — 83 ﬂﬁ:Z
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3.22 < 7o, ey S 340
12\~
136 27
7/12/2017 1;2( Xe)=1.010""yr

Assumption
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V. Nuclear medium effect on the light neutrino mass exchange
mechanism of the Ovpf-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

' Inuclear
| | matter

U psun =1.4 g/cm3
e~ Prarth = 3.5 g/em’
\\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(C]OAQ)(VO' V),
q > m, >M,,.
Ovpp-decay
oscillation experiments density — q
tritium B-decay, cosmology
4

zvac — zl‘jledlum — x4



Classification of the vertices g0, and g0’,

I — 1 _
Efree,f/ = Z Z?: V"izm/u?pu@ o 5 ZZ: m;V;Vs. L', Tng qq Z Z g?j JG»
ij

In nuclei, mean fields are created by scalar and vector currents (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

O

v | 3]0,y ) [ 5] 0u @y vs)

—C - ) - —C L _
Vi 1YV 41 v, ’yl ) () ma 6| v ’75'}" 2 () nlj

N = || &

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



Mean field: 97 —>(79)  and (74)~05(q"q) ~0.25fm™

(Z) _ & <67q> A comparison with Gg:
The effect depends on m>
4

8,8y _Gr .
m2 \/5 i
Typical scale:  (y)g‘ = —%(@q)g; ~-25¢ eV :
. 2
We expect: 2560 <1—>m; >25 SENT I Tev?
F

g;:é:jga g L =0.E

Universal scalar interaction ii“a
In medium o+ (D8 + (g
effective Z : 2

(I=(x)2.)

Majorana v mass
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Complementarity between (-decay, Ovpp —decay
and cosmological measurements might be spoiled

]

[ES]

IH

] I R =

IH

Area (1)g, [eV]

-3

10

10{] blue -0.05
green 0
red 1

b



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 1 &; <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



Resonant
Neutrinoless Double-Electron Capture
(A,Z)—>(A,Z-2)**

Additional
modes of the OVECEC-decay:
e, te,+(AZ) — (AZ-2)+ vy
+ 2y
+ e'e"
+ M

The OvppB-decay is
an atomic physics problem

7/12/2017 Fedor Simkovic
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!I{qu!::m

eff

In analogy with oscillations of
n-anti{n} (baryon number violation)

(

M, VRNV
I_,rLNl-" Jrff . % IR )

F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 48S5.

Oscillations of atoms

Oscillation of atoms
(lepton number violation)

. M VBNV
”t-‘.ff - ( VBNV A —iT )

2

Oscillations of stable atoms (I'=0)

= | . ne
> > » — —tHeppt) s o |2 a2 AT
o) o | < fle ety = 2 = L =) sin” [t (M; — M) /2]
(A,Z) Ve  (AZ=2) Vu (A,Z)
P, 164 17, 164
. > > es LT — g5 Dy | < f|€—iH.=Hf|3' > ‘2 < 3107
P o (Mi—M;) = 241keV <
b) oy
am b vz vl wm Oscillations of unstable atoms (I'£0)
M P, Double electron capture

IR P2/ AAVE S

(resonant enhancement)



Different types of Oscillations (Effective Hamiltonian)

Oscillations of v-v,,

- ( M — é T My, — _Flz ) (lepton flavor)
eff My, —17, M —LT
e 2 Oscillation of Ky-anti{K,}
(strangeness)
nmn M LFBNV . . .
HZF VENV [ _iT Oscillation of n-anti{n}
2 (baryon number)
Hetom = ( M o VEE ) Oscillation of Atoms (O0A)
VERr My —gh (total lepton number)
E.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485

Full width of unstable atom/nucleus

Eigenvalues
! V2(M; — M;)
A — J"lrz +AM — -T" . AM i f.
+ | y 1 | (M;_ _ _,ﬂl,ff):z + él—\g?
i 7 s
A = My;—-I'—AM+-T : V2T
f 9 + 9 1 Fedor r, = 50

(_'Tllffi - _'Tllfff)z —|_ i]__‘z ‘



Resonance enhancement of neutrinoless double electron capture
MLI. Krivoruchenko, F. é,, D. Frekers, and A. Faessler,
Nucl. Phys. A 859, 140-171 (2011)

A comparison

(AZ) > (AZ+2) +e + e e+e +(A2Z2) =»(AZ-2)"
Perturbation theory Breit-Wigner form
-II;M — '?'}'1;3_5 2 (—flj-l E{] ‘ 1|“|r(|r ]_—.I]uf;'(”'!:'{'“(Jﬁ) _ |I"’;;3(JT |:2 5
Y% m. (M; — M;)?2+T172,/4

2vpp-decay background * 2vee-decay strongly suppressed
can be a problem  NMEs need to be calculated
Uncertainty in NMEs ¢ 0—0%,0-, 1%, 1 transitions
factor ~2, 3 e Small Q-value
0"—07,2" transitions e Q-value needs to be measured
Large Q-value at least with 100 eV accuracy

6Ge, 82Se, 10Mo, 130Te, 136Xe -
Many exp. in construction,
potential for observation in the

case of 1nverted hierarchy (2020)
JOBBA . ~Jor Simkovic 51

152Gd, looking for additional
small experiments yet



Improved Q-value measurements
Klaus Blaum (MPI Heidelberg)

nucl. tr. (QQotd E=B+E, Orbit. A=Q(old) - FE QD new A = Q(new) — E
H2en w12 Cd  1919.5(4.8) 1901.7 K, 17.8(4.8) 1919.82(16) 18.12(16)

1924 .4 KK -4.9(4.8) -4.56(16)
1204 12 S 54.6(35) 547940 KL, -0.19(3.50)  55.70(18) 0.91(18)
160 4164 Dy 93 3(3.9) 18.00 I 5.21(3.90)

I2Gd—>12Sm (Eliseev, et al., E.S, M. Krivoruchenko, PRL 106, 052504 (2011))

Penning Trap (F.S., Krivoruchenko, Faessler, PPNP 66, 446 (2011)
52 | 1—-
e =l A24T2/4 Vee = mgp gd‘ fafyM™
I ' (4ﬂ_) Rnucf
— 1’1;_:;_:' R
V., - modified cyclotron 2
; 1 eV
V/ - magnetron 0w 26 .
V.- axia TP; =4 x 10 ( - ﬁ) years.

Remeasured Q-value:!12Sn, 74Se, 13¢Ce, *°Ru, 152Gd, 192Er, 198Yb, 196Cd,

156Dy, ISOW, 124Xe, 130Ba, 18408, 190Pt
7/12/2017 Fedor Simkovic 52



Ovee mﬁBZSO meV
° 10 E E|
- = x E
half-lives o 2 ;
10" . 253 .
o r . 2s2s .
M 45 =50 MeV E e ]
BB~ = 10 Is2p ik
S o é_ i _
= ok | N
F S nd) | 3
Ground state to 10 i E
ground state 07 E |3
nuclear transitions 10" V|
10t |
152 164
Gd Er 180y
Nucleus (n2jl), (n241), F, E, Fe T4 (keV) A (keV) Tm (y) TR (v)
SIGd 110 210 4683 7.74 034 23x10%2 —083+0.18 4.7 x10% 4.8 x 10%
110 211  46.83 7.31 032 23x1072 —12740.18  42x10% 1.1 x 10%
110 310 4683  1.72 0.11 32x102 —70740.18 94 x10% 1.1 x 10%
61y 210 210 9.05 9.05 022 86x10% —68240.12  T7.5x10% 84 x 10%
210 211 0.05 858 0.23 83x102% —72840.12 4.2 x 103 4.6 x 10*
210 310 90.05 2.05 011 1.8x102% —-13.92+0.12 3.5 x 10% 3.9 x 10%
180V 110 110 63.35 63.35 1.26 7.2x107% —11.244+0.27 1.3 x 101 1.8 x 10




Ovee experiments in Modane and Grand Sasso

+

. 6. _828a 897
vy EC 1 236m 0 _
- 106 S o
New level = a0 o Mg AL T —
mie ~195 keV.-# -
2737 keV gl ke Tlca
(an?) =ses :EEE — / e.f/.-':::l F!;}:Ep -~ ;,.f":r Abundance 1.25%
Tt Bor o 22425 _l.-':.-" II.-" IIII|'IQ _ i-gﬁﬁ keV. - P, ;a
l]+ %E‘%‘ 2001, -f.::,."' . I.'lll'll EC ’_ .J_.rl',—
= 'llll'; I |'II|III # # . ,;!
i ':'h'l--—._,;’.',.:m ”“ﬁ.#"j.-"f / II."III' F__.,--' -I_;- !.r
il Zii 1s62y | ,-"I."I e e
3t 185577 [ [ S
41 g B Tel *Te
l|+ Hsa.ﬁ&!‘f j’. ;.r‘ L'LJFEL
7 8o [ 4 !,’QEC‘EEETT{I keV
2+ Ilwr ]l*lr TGII-M‘.
[ 106
TGV Coll =8 & | 10 g of ™°Cd
> S51E A eI L R
Rukhadze et al., £V v
NPA 852, 197 (2011) 106
Pd . N
46 Ground state to excited 0
Svea 106 1020 state nuclear transitions
VEE >
Ty 7% (°Cd) > 3.6 10Ty are strongly suppressed...
Kotila, Barea, Iachello
T1/2 Ovee (106Cd) >1.110% Yy Fedor Simkovic ’ ’ ’

accepted in PRC



Instead of Conclusions

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