Pontecorvo summer school
Alushta, Crimea, Sept. 6-16, 2012

Neutrinoless double-beta decay
and double-electron capture

Fedor Simkovic

BLTP, JINR Dubna
Comenius University, Bratislava

JOINT INSTITUTE

FOR NUCLEAR
RESEARCH




OUTLINE

® Introduction

* Effective Majorana neutrino mass, CP phases
(v—mixing without and with sterile neutrinos)

e Ovff-decay NMEs

cCompeting 0vff-decay mechanisms

e OVECEC-decay

e Other LNV processes

* Bosonic neutrinos and 2vff-decay

e Transitional magnetic moment of Majorana neutrinos

*Conclusion

Theory of neutrinoless double beta decay,
J.D. Vergados, H. Ejiri and F. Simkovic, Rep. Progr. Phys.75 (2012) 106301.
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Desperate idea of Pauli (80 years ago)

A letter to Tuebingen
“Liebe Radioaktive Damen and Herren!” (L. Meitner, H. Geiger)

4th December 1930
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

and Li6 nuclei and the continuous beta spectrum, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the law of
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have
spin 1/2 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velocity of light. The mass of the |
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta x
decay a neutron is emitted in addition to the electron such that the sum of '
the energies of the neutron and the electron is constant...




Fundamental properties of neutrinos

After 55 years we know

* 3 families of light (V-A) neutrinos: v,, v, v,

e v are massive: we know mass squared differences

* relation between flavor states and mass states
(neutrino mixing) only partially known

7 (nb)

Claim for evidence of the OvpB-decay
H.V. Klapdor-Kleingrothaus et al.,NIM A 522, 371 (2004); PL.B 586, 198 (2004)

» Absolute v mass scale from the Ovpp-decay. (cosmology, *H, 137Rh ?)
* Vv’s are their own antiparticles — Majorana.

No answer yet

* [s there a CP violation in v sector? (leptogenesis)
e Are neutrinos stable?
* What is the magnetic moment of v?
o/1 * Sterile neutrinos? 4
* Statistical properties of v? Fermionic or partly bosonic?



Compelling evidence about new physics beyond the SM.
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Mixing of 3 light Neutrinos

vV,
Pontecorvo 1 il
-Maki-Nakagawa-Sakata |
matrix
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Is there analogy between lepton mixing matrix and quark
mixing?

PMNS Lepton Mixing Matrix CKM Quark Mixing Matrix

V. U, U, U. v d’ Ugu U, U, d
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Large off diagonal elements
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Quark-Lepton Complemenarity

H. Minakata, A.S.

QLC- relations: Phys. Rev. D70: 073009 (2004)
[hep-ph/0405088]

0, +09,, ~ /4 0, + 0, = 43.9° +5.1/-3.6°

Qualitatively correlation:

e 2-3 leptonic mixing is close to maximal because 2-3 quark mixing is small
*1-2 leptonic mixing deviates from maximal substantially because
1-2 quark mixing is relatively large
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0,; # 0 : How Big or How Small?

Convincing flavor theory has been lacking—it is at present impossible to
predict fermion masses, flavor mixing angles and CP phases fundamental

level = the flavor problem

Bi-maximal mixin COVES :
1-maxi g V2 V2 As dominant structure?
Zero order?

Upn = UzsmUp™

Mear Detector

!
9 ; has a role!

T2K: 0.03 <sin?20,;<0.34 (June 2011)

DOOBLE CHOOZ: sin? 20,;=0.085+0.051 (Nov. 2011)

Daya Bay: sin? 20,;,=0.092+0.016(stat) £0.005(syst)
(Febr. 2011)

RENO :  sin?20,;=0.103%0.013(stat) £0.011(syst)
(March 2012)




Neutrinos mass spectrum

Tritium decay

mpa = \/2@3:1 ‘Uei|2 m;

mass differences:
|Am? || = 7.65 10 eV?
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Neutrinoless Double-Beta Decay
(A,2) = (A,Z+2) + e + €
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1934 First double beta decay

calculation
n—pte 47, p Fermi, Z. Physik 88 (1934) 161
/ Fermi 4-fermion contact interaction, Lagrangian
n— .~ > @ of interaction (in analogy with electrodynamics):
e Lfe) =~ [Beh’on(@)] 0.leholz)

G, = Fermi coupling constant = (1.16637+0.000001) 10~ GeV"

1935
Q-value about 10 MeV
T1/2 =107 years

Eugene Wigner 7
Maria-Goeppert Mayer



What is the nature of neutrinos?

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.

AlP

GUT’s \i

Only the Ovpp-decay can answer this fundamental question

Analogy with - Analogy with
kaons: Ko and KO Fedor Simkovic T,



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

Charged fermion (electron) + electromagnetic field
(i, - ey*A, —m) ¥ =0
(iy#0, + eyt A, —m) U° =0

U=V forbidden

Neutral fermion (neutrino) + electromagnetic field
 ma .
(in'0, —m)v =0

(i'0, —m) v =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



Majorana Neutrino <——% Ny Conserved Lepton Number

Le, Ly, L., L=L.+L,+L,

1y

I=1*—— =y —» L=+1

Noether <
Conserved Lepton Number Global Gauge Invariance
Theorem
Dirac mass term Majorana mass term
— _ I _— =
LP = —mp (vrvg +VgrrL) LM = (7o + 5y
invariant under not mvariant under
. 4 i C —ith_.C
v —s Eu‘LVL Up — E”“.UH .2 B PrHE SME
- e sy o i eEE ¢ i
E — E_Eﬂﬁ Ia’H — £ EAL:‘R L-"'L B : I-‘"L L"'_E —% 61 L"'E

Majorana Neutrino = Truly Neutral Fermion



.’ -" [ ] I, L
Ve AND Ve e Dirac-Majorana Mass Term

gD pM oy pM oy D o ( m; mp )
- @ () (1) e
_ éw_{ CIMN, + He. Ne = ( : )
diagonalization

\

fields with definite mass Ve =Unr, np = ( Lfl ) — U'MU = ( {]1 m )
oL 2

;1 1
£D+ﬂf g Z Tnk”gLCTHA:L —+ h.c = —— Z My ViV,
P 2,5

Vi = Vipr + Vg Massive neutrinos are Majorana!



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

-+ —— ' -
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 — x2)

Weak 3-decay
Hamiltonian

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

9/14/2012 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
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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, +qo+pw—F
< A'|Js(0,Z1)|n >< n|Ja(0,72)|A >
9/14/2012 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) Long-wave approximation for |
lepton wave functions
3) Closure approximation b, — <E,>

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

Hadron part is J,(0,71)J5(0,73) = J5(0, 7)1, (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)
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Nuclear matrix elements =~ _ _ A’ Z T h(|Z, — Tom|)|A >
My = -:::A’|Z Tl % — T |) G - T A >

Neutrino exchange potential

h(|Zn — ) : f g
Ln — Lm — :
212 ) qo(qo+ < En > —(E + E')/2)

N 1
|7
Differential Ovpp-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 (27)®

1
9/14/2012 X = (25 + 1025 + 402 + 60=F + 30=)
)



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.

Qv O 2, 2
— =G (Eﬂ Z) M ‘ f?ﬂjj” m —Z U
7 ! i/ ? p—
Ty5 I5J6. 1=1
Absolute v = 4.
: Normal or inverted CP-violating phases
LB MEEHE Hierarchy of v masses
1 0 0 Ci3 0 313(3_5613 Ci1a2 S99 0 1 0 0
0 Cog S93 0 1 0 512 Cq2 0 0 E’le 0
0 —S893  Cag —31355613 0 Ci3 0 0 1 0 0 €U’~31
C12C13 _ S12€13 s13€ 01 1 .O 0
—812Ca23 — 01232331_351513 C12C23 — 31232351513_ 523C13 0 e= .O
S12823 — C12C93€™1 —C12893 — S12C23513€" 1% €93C23C13 0 0 e

An accurate knowledge of the nuclear matrix elements, which is not available
at present, is however a pre-requisite for exploring neutrino properties.



Daya Bay: sin? 20,,=0.092+0.016+0.005 (March 2012)
Imas® V| = |clacae® M my + 1355572 My + S33my|
]_Ul§ I I IIIIII| I I IIIIII| I I IIIIII| I T IIIIII| T T TTTLE
E Solotvino |j
DAMA O
1[}0 - —_t
E NEMO3(Mo) NEMO3Se) =
; 107 | Claim for evidence Heidelberg-Moscow
D) = SNO+ =
: SuperNEMO]
f\} -
CUORE
5 10° EXO =
—_— KamLAND
Major:na i QRPA
.. ] NMEs
= NS disfavored by 1 CB-Bonn
- cosmology | g,=1.25
1(}4 | | IIIIII| II| | | IIIIII| | | IIIIII| | [ I
10" 10° 10° 10" 10’ 10'
m, [eV] Am?,, = (243+£0.13) x 1073 eV2 (MINOS)
— i (T AmZ, . (7.6570350) x 107> eV? (global fit)
o sin® B 0.501 008 (global fit)
” - tan? 6, 0.45213935 (K AMLAND)
e - sin?265 0.092 £ 0.016 (stat) £ 0.005 (syst) (Daya Bay)
,,,,,,,,,,,,,, sin®2613 = 0.103 4+ 0.013 (stat) +0.011 (syst) (Reno)



OvpBp-decay half-life mg=50 meV
29
1 :I T T LI LI T 11 LI LI LI LI T T T T T 1T T T T T T I__
0 - A 1.SSM
- ® EDF
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A - i
—_ - A A 4 i
L N '
n ® . v o
26 * oo |® e’ *
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Can we measure CP phases in the OvBp-decay?

9/14/2012 Fedor Simkovic
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Majorana phases

. a”n ‘ N 2 2 Ta .
P = diag(e™"/2 emia2/2 gmias/2) [mss| = |eiacize™ ™ my
az/2 = 6 —1—91ch36"‘3an + 8 3’m,3|
M d Imagl? = claClami + 815C13m5 + S13M3
easure BelT = Cig 13 1 T Epplyelily =1~ Byglils
. o2 A , ,
2 2 2 2 2
—|—2012c:13513m1m3 cos vy + 25126135‘13mzm3 COS (3.
Normal
hierarchy Inverted
my K AmZy, hierarchy my K JAmZ,,,
my o \//_\mg.UN my o~ Mmoo~ \/Amimr
ms =~ yJAmZ,,

Assuming lightest neutrino mass to be zero

2 /_\ ﬁ
|7n:'3.-"3| S12613 7nsm\: 513 ”lnm
COSB (y o

P 2 _ 4 _ 9 2 9
COS (19 = |nl‘3'3| 013(1 2812612)Anl.~wr\.1
' L 2 2 A -
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Assumption Mg » my, See-Saw mechanism

(e ) (o T2 ) (@)

ug s ¢ h {

i i ¢ . ﬂ_ .T .
ml-‘1 1()‘—-'* 1(’;-2 iul-‘ 1[]1” ulJ' 1r|)'f 1(1)-" 16' l(l)"’ ﬁulj“ 10 u{_)“ 1([)” -1(;‘“ 11;” 11;13
m el
Left-right symmetric Probability of
models SO(10) Neutrino Oscillations
light heavy As N increases, the formalism
VeL = Z UeiXiL + Z UeilNir gets rapidly more complicated!
i=1 i=1
* 1 N Am2 6. CP
large small . 4
light heavy 2 1 1 0
(Ver)" = Z I@i%ir"z VeiNir 3 2 3 1
i=1 i=1
T Fedor Simkovic 6 5 15 10 30
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Physical Parameters in N x N Mixing Matrix

2 (N (N-1)/2) +N = N? ¢ N(N—1) Mixing Angles
2
N x N Unitary Mixing Matrix => N * parameters ¢
N(N+1)
e Phases

—

cct T e ..
Weak Charged Current: ];; T =2 Z larYpVar = 2 Z lazYpUakVir
a ak

Lagrangian is invariant under global phase transformations of Dirac fields
'

3oC =2 g laze U™
ZG -3 E‘ie“‘lﬂ
= 5 o = 5. Ee—it9¢—®1'Je—if&—ec”),},PUakEit'I‘;_-—fbl)w_L
v — €Tk, 0 A u
1 N-1 N-1

Number of independent phases that can be eliminated:2N-1 (not 2N!)

N(N+1) (ON — 1) = (N — LN —2)
- 2= = y)

e =3

Number of physical phases:

Remains global phase freedom of lepton fields => conservation of L



. . . LSND took data from 1993-98
The LSND Experiment: Evidence sterile v (3.8 6) | _30m and 20 < E.< 53 MeV

7))
% 17.5 - ® Beam Excess
Saw an excess of v, : 87.9 £22.4 + 6.0 events. g | G oo
= 15 - PV E
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10}
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m\ 25|
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+ +
T > pV, h

0.4 06 038 1 1.2 14
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V Vi
10’5_'----"73 el
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MiniBooNE was designed to test the LSND signal

. /"_l/vo .................
- S §
1
!
. . + Decay Dirt

(antineutrino T region —=i0
mode) ~50m s - .
. Similar L/E as LSND i L | ]
. MiniBooNE ~500m/~500MeV IS it S
. LSND ~30m/~30MeV S :
« Horn focused neutrino beam (p+Be) :E I L | |
« Horn polarity — neutrino :E 43 E
or anti-neutrino mode 5 ]
« 800 tons mineral oil Cherenkov detector 10_1;_ _
o Detector running since early 2003 - . "
— [ LSND 90% C.L. e .
Excess of events observed at lower energy: 10_2' st | N

128.8 £20.4 * 38.3 (3.00)

10°



Reactor neutrinos anomaly (January 2011)

Double Chooz re-evaluated reactor antineutrino flux (PRD 83, 073006 (2011))

e previous procedure used a phenomenological model based 30 effective beta
branches

 new analysis used detailed knowledge of the decays of 10,000 + fission products

1.1 T T
New reactor v flux
arXiv:1101.2663
TS I L

New calculations

results in flux 0.9 | Nucifer TR
o 0__ mixing angle
increase of 3.5% 2 et i\ e -

. §_ 6,, mixing angle
1n reactor "% . Double Chooz
antineutrinos <, =
= o7 Terra Incognita>< Reactor
4™ neutrino 227? Antineutrino
Anomal
arXiv:1101.2755
0.6
) 29 0 14 Physics scenarios
sin ( new) ~ V. === g Zg:::z v+ 1 sterile v (new)
Am_. 2> 1.5eV? _=_Data | _
107" 10° 10' 10° 10° 10° 10° 10°

Distance to Reactor (m)

2
: . 2 Am3, L Am3,L )
Pee ~1— 81112 2913 81112 Tgl -+ (%) COS4913 81112 2912
4 v




(3+1) mixing (3+2) mixing

10 angles

6 1
S 6+4 =10 phases

3+3 =6 phases

- - I = Iy
R34 Roy Ryy iy
R ]::1) R35R34
231113 = =
R P RQSR‘ZJR‘ZS
.12 a [2 o /2 1(0 /2446 ) :0 RisFuFiaFrn P
dzag (6' . € S A H) P = dzag (eiaq/?’ ei(\‘z/‘z’ ei(as/2+513),ei(cm/2+614)’ 61'515)
911 ‘ ‘ ! 7 3+2 __ 2 2 2 2 o7,
La — EayClaCh g™ i Myt = ClaCi3ClCis€ T
; 2 .2 .2 _ioo
+ci5Cl 53,62 my +13614C15512€ M2
; ,2 2 i
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2 1
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+8157715
4 masses
3 angles S masses
4 angles
9/14/2¢ 3 phases Fedor Simkovic 5 35
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If (or when) the OvBf decay
is observed two theoretical problems

must be resolved S.R. Elliott, P. Vogel,
Ann.Rev.Nucl.Part.Sci. 52, 115 (2002)

1) How to relate the observed decay rate to 10°
the fundamental parameters, i.e.,
what is the value of the corresponding
nuclear matrix elements.

2) What is the mechanism of the decay, i.e.,
what kind of virtual particle is exchanged
between the affected nucleons (quarks).

Mass Limit (meV)
o

o
(¥

[ | [ | [
9/14/2012 Fedor Simkovic 1940 1960 1980 2000 2020

Year
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Frank Avignone:

Nuclear Matrix Elements
are
as important as DATA
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AM, [MeV]

The double beta decay process can be observed due to nuclear

Atomic mass (arbitrary units)

nuclei over the odd-odd nuclei

A=const (cven) _

BB

L1
300

pairing interaction that favors energetically the even-even

. 2
T:(I‘)V _ mi VOl E()q \ \l(lu
1/2 ke
transition ‘N FEo,Z)  Qpz  Abund. |M]?
x10My  [MeV] (%)
BONG — 598 m 26.9 3.667 6 7
BCa — BTy 8.04 4.271 0.2 7
67Zr — %Mo 7.37 3.350 3 7
Hecrd — 1168n 6.24 2.802 7 7
B Xe - 6 Bg 5.92 2.479 9 ?
1007 T — 10 Ry 5.74 3.034 10 7
1B30e — 130 X e 5.55 2.533 34 7
82Ge — 2Ky 3.53 2.995 9 7
BCe — Se 0.79 2.040 8 7

The NMEs for Ovpp-decay must be evaluated
using tools of nuclear theory




The Ovpf-decay:
A nuclear physics problem

In double beta decay two neutrons bound in the ground state of an initial
even-even nucleus are simultaneously transformed into two protons that
are bound in the ground state or excited (07, 2%) states of the final nucleus

It is necessary to evaluate, with a sufficient accuracy,
wave functions of both nuclei, and evaluate the matrix element of the
Ovpp-decay operator connecting them

This can not be done exactly, some approximation and/or truncation
is always needed. Moreover, there is no other analogues observable
that can be used to judge directly the quality of the result.
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Exact methods exist up to A=4

Nuclear Structure

Computationally exact methods
for A up to 16

Approximate many-body methods
for A up to 60

Mostly mean-field pictures

for A greater than 60 or so

>

Monte
Carlo Shell
Model

pProfions

-I—_‘
Standard shell model EEDEJ

Ab initio methods With newer methods and powerful

28 computers, the future of nuclear
structure theory is bright!
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Many-body Hamiltonian

Start with the many-body Hamiltonian

+ZVNN (-7

I<j

0f1p N=4 /
e Introduce a mean-field U to yield basis 0d1s N=2 OOOO
H= Z( +U(r) j+ZVNN(r Fi)- ZU(F
<]

Res1dual interaction

The success of any nuclear structure calculation depends on
the choice of the mean-field basis and the residual interaction!

e The mean field determines the shell structure

In effect, nuclear-structure calculations rely on perturbation theory
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The OvppB-decay NME (light v exchange mech.)

The OvBp-decay half-life NME= sum of Fermi, Gamow-Teller
| ; P , and tensor contributions
7 = G¥(Bo, Z)|M"™[*|(myss)| . g4\ MY
1/2 M"™ = (—) (f| = =5+ M2 + M3 |q)
1.25 94
Neutrino potential (about 1/r,)
2 co hx(q”)qdg
rp) = —5 R T
He(ri2) = mg% Jo ficlarsa) g+ E™— (E;+ Ey)/2

frar(qriz) = jolgri2),  fr(qriz) = —j2(qri) Induced pseudoscalar

Form-factors: hp = ng(_qz) / . coupling
finite nucleon her =g5|1— 2= . +1 (@2 fmz')/plon exchange)
size L, = 2 2
hr =94 |3ate - 3 (whe) |

J7kik ¢, J prp'n’ Jn' Jp! j

(p(1), p'(2): f(r12)Og [(r12) || n(1), 0] 0%,17%,2%...

Jastrow f. X{[]-i-m ’L?E]JHJ f‘f [J™ &fur "F‘fa Jﬁkf||["—";&n]uf||0?_} 0 91 ,2 eee
S.I.C.




One two-body operators
(PlO(1)[n) (P 1OQ2)|n) = (p. p'|O'(1,2)[n, ')

Integration over / e (M—T2)dQ = / eI, =
angular part of v [ ,
momentum Var 4n Zijl(q'r)ng(Qr) /K;(Qq)h)g(ﬂq)dﬂq = 4mjo(qr)

lm

OF(rlz’ E-I;") — T+(1)T+(2)HF(T12: E.?’f) )
Neutrino potential Ocr(riz, ES.) = 77 (1)77(2)Har(ri2, ES-)o12,
Op(riz, Ey=) = 71 (1)77(2)Hp(r1s, Ej=)Sha
HI\"(TIQ: Eﬁ'f) == ——
2 OO hi(q%)qdq 012 = 01°02,
R / . A
’ﬂ’gf; 0 Jiclariz) q+ E’ch —{B; + Ef)/2 Sio = 3(F) - T12)(F2 - T12) — 012

with  frper(qriz) = jo(qriz),  frgriz) = —ja(qri2) =



Calculation of two-body matrix elements

From o LS )\ pmoas — (q(1), 5(2);.710(1,2) e(1)d(2); )

coupling
. 1/2 1. je
nledes nglaja; J'M') :ZSszjcjd 1/2 1y ja ¢ |ncesngly, SL; J'M")
SL S L J
Moshinsky
transformation nelenala; LML) = ) (nl, NL, L|n ., nala, L) |nl, N'C; LMy)
to relative coordinates Ne
- ~ 1/2 lC jC 1/2 la ja
Mgt = 'Y SLjajejeiad 1/2 la ja 1/2 1y ji
SL S L J S L J
x Y > (nl,NL,L|ncle,nala, LY(n'', N'L', L|nala, nsly, L)
nl Y/
Two-body Ne e
1
e x (0l N"L'; L||jo(q|7:;)|lInl, N £; LY (sass; S|| ( o, o ) [|sesa; S)
1°02
(n’l’,N’E’; L| |.j(J((]|ﬁ'.j|)||nl:N£; L) = 6w onnre <'n-’l|jo(q|ﬁ-.jI)Inl>
9/14/2012 (Sas; S||G1 - Gal|sesa; S) = S(ds1 — 3ds0), 46

A~

(50563 S||1||5c54;S) = S(0s1 + ds0)



Nuclear structure approaches

(Renormalized) QRPA: Simkovic, Faessler,
Miither, Rodin, Stauf, PRC 79, 055501 (2009).

Interacting Boson Model: Barea, Iachello,
PRC 79, 044301 (2009).

7.0

6.0

5.0

4.0

MOV

3.0

2.0

1.0

0.0

Large Scale Shell Model: Caurier, Menendez,
Nowacki, Poves, PRL 100, 052503 (2008).

Projected Hartree-Fock-Bogoliubov:
Rath, Chandra, et al. PRC 82, 064310 (2010).

Energy Dendity Functional appr.: Rodrigez,
Martinez-Pinedo, arXiv:1008.5260 [nucl-th].

g,=1.25, Jastrow s.r.c., ry=1.20 fm

The Ovff-decay

- 1AM NMEs

C ® EDF ]

- B PHFB (Status:2011)

I . ¢ IBM2

- & QRPA ]

- + E Jyvaskula —La Plata
] ®°* | ; & E QRPA NMEs

S R DN o I I M I . 1 are in good

- . o ¢ " a agreement

- A [, NN s o] with

i A 7 Tuebingen-Bratislava-
3 * * CALTECH NMEs
A ]

48 76 82 Q6 100 116 124 128 1
Ca Ge Se Zr Mo Cd ™ Sn Te

e Xe™Nd  QRPA: Kortelainen, dnhonen,
PRC 76, 024315 (2007)



On the relation between
O0vff-decay and 2 vif-decay (GT) NMEs

F.S., R. Hod4k, A. Faessler, P. Vogel, PRC 83, 015502 (2011)

] 0'1/ .0‘1/
‘\/(Ju — “[((;1,1' (1 + ]. -‘[f. ‘\[1 )

2 A40v A 70
9A MGT *'\[G'I'
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1

: — G'ZU(E Z) gl |\ /'_"z/ 2
2U—€ET 05 JA G'1
2vpfB-decay NMEs A
0.25 T T T T T T TT T T T T T T 1T T T T T TTTT T T T T TTTT T T T TT
- e spread of the
® Why the spread of th
I 100 10 2vpBL NME:s is large
020 and of the Ov33 NMEs
R I is small?
>
S I ey
= 0151 ; L6 Are both type of NMEs
N - ] %d related?
‘f I *Se “zr -
o 0101 ® ® y 3
gi C :48C Nd A
= . -4 28 8
0051~ ¢ s :
I eV .
: | | | | Te " :
0.([)4(; I | |60| I | |80| I | l]_(]I) I | iz(ljl | i4(l)| I | iﬁo

A
Differencies among 2 vfp-decay NMEs: up to factor 10 49



The cross sections of (t°He) and (d,’He) reactions
give B(GT) for B* and [, product of the amplitudes o
(B(GT)"?) entering the numerator of MY, Gt | oar
o 1
2 =3 Mg (m) Mg (m) |
T S Qep/2+me + E(1F,) — Eo . { «
(ZA) (Z+1 A [Z+2,A)
0.04 e | 2v3B-matrix element
0.0} "erees 1| 0.16 £0.04 MeV-!
e Closure 2vpB-decay

o
o
N

N
o
oo
T TT T T T TTTT T

with
G(2v) = 3.4x 1020 MeV2 a-1 NME

=
o
—

d’o/dQdEx[cts/sr 10 kev] do/dQdEx (mb/sr/50 keV)

s bbb : MZ_q = Mg (m) Mgp (m)
' ' ' nGls{SHe,t);“oAs m
120 AET 30 kov 2vpBB - half-life
80 (1.1£0.2)x 1021 a SSD hypothesis
40 . . 3D
i : recommended. exp. value: _(/_f)l M (")'.’.}._(‘ ;=
0 1 2 3 4.8 (15£0.1)x102'a J ftecfts

o Grewe, ...Frekers at al, PRC 78, 044301 (2008) <ovic 50



Going to relative coordinates:

r—a(7)dr

r- relative distance
of two nucleons

2.0 IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIE

76 3

Ge 3

1.6 Ge 3
— ¥se

1.2 — " 3
— 1 E

o Mo 3
~, 08 =
9 3
= E
& 9 o4 =
0.0E
04F 5

2.0 ErtHH P HHE
Lok — e
— P

12F —_— e 3

E —_— 136 3

= F Xe 3
— 08F E
7 E 3
[ E 3
& Co4f =
0.0F j
04F =
_08§|IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIE

"o 2 4 6 8 10 12 14

r [fm]

A connection between closure
2vpp and 0vBB GT NMEs

F.S., R. Hodak, A. Faessler, P. Vogel, PRC 83, 015502 (2011)

Mg = [ HE () O alr)ar
0
Neutrino potential
) = R2 [ jo(ar)—— f2 s () guor(g)d
qr —3 FIY, ar
a Jo Jo\q I+ E FNS guor
122— — just R/t

— with fns
—— with fns, hot
—— with fns, hot, E=8 MeV

10

S~

O_IIIIIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII;III

o 1 2 3 4 5 6 7 8 9 10 11 12 13
r [fm]

Neutrino potential prefer short distances

|

.
>



Closure 2vBB GT NME

The only non-zero contribution
from J=I*

2v _
M, =

Y < 0f|rt6JT,m > - < JT,m|TT 5|0} >

JT.m

=2 < 0f|m7d|1",m > - < 17, m|r75|0] >

m

C&pg=(r)dr

- o0
2u .
M a=Y |
J= 70

9/14/2012

Jx(r}

2v

GT-

C

g0

2v
G

0.03

0.02

=
=
—

e
=
S

-0.01

0.03

=
=
—_

=
=

mGe:, 23 levels model space, Argonne pot.

fllllIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:

- + -

E Jo 3

3 :

EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII IIIIIII|IIIIIIIII|IIIIIIIIIE
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MOVGT depends weakly on gA/ 8pp

o
. 170w ¢, _ Ov (. \Nr2v N 7
and QRPA approach unlike M?Y Mzp(ro) = / Hr(r)Cop_(T)dr
0
Nucleon  Nuclear physics Nucleon — Nuclear physics
> < >
> < >
2.0§IIIIIIII TTTTTTTTT I AT T T TTTTTTTTT IIIIIIIII|lllllllll||||||||||5 2.5;|||||||||||||||||| TTTTTTTTT [ TITTITT7T |||||||||||||||||||||||||||||E
e 3 20 =
\‘:210— — @15— —
A E-
A%0sE 28, 0F
00k X
= 1 05F
; \ﬁ: F.S., - E
SL0 HHHHTHHHH I 0.0 Bl R
a0F = s0F E
~ ! E
& 30E = o40E =
I TFi0E 3
&7 a0E 25 F
- ———— QRPA(WS) ] S L E E
3 ——— RQRPA(WS) 3 2 U
HoE ———— SRQRPA (WS) ] - 8,=080 3
B SRQRPA (AWS) 3 LOF 2,=1.00 3
00_ IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII: g gAzlz.? g
) 0 2 4 6 8 I-D 1-2 1-4 00: IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIE
7o 2 4 6 8 0 12 14

fi
Fo L] I, [fm]

Different ORPA-like approches Fe9" SI™ Dependence on axial-vector coupling



v

2 0.0

There is no proportionality between 0v3[3-decay and 2vf3-decay NME

1.5 I [ I I I I I I I I I I I I | I I [ I
76 .
Ge .
1.0 96 —
- Ar .
100 .
Mo -
0.5 —_— mTe _

cl

=

-0.5

ﬁ‘“f

Frekers et al.
Charge exchange reactions




Co-existence of few mechanisms
of the 0vpfS-decay

It may happen that in year 2012 (or 2222) the 0vp[-decay
will be detected for 2-3 or more isotopes ...

FS., J.D. Vergados, A. Faessler, PRD 82, 113015 (2010)
A. Faessler, G. Fogli, E. Lisi, A. Rotunno, F. S., Phys. Rev. D 83, 113015 (2011)
A. Faessler, A. Meroni, S.T. Petcov, F. S., J.D. Vergados, Phys. Rev. D 83, 113003 (2011)

9/14/2012 Fedor Simkovic 55



Probing the see-saw mechanism
Bilenky, Faessler, Potzel, F.S, Eur. Phys. J. C 71 (2011) 1754

There exist heavy Majorana neutral leptons N, (singlet of SU(2)xU(1) group)

L = —\/EZ Y;;L;; N;r H + h.c.. B = ( Yir ) N, = N¢ = CNY

L

t,l
Effective interaction for processes
with virtual N, at electroweak scale

(” ——Z L]!]HZ Y;f Y;z C‘HI (L”) +h.C.
l’ ¥ 4L
After spontaneous violation of
the electroweak symmetry
the left-handed Majorana mass term is generated

-
» L L U 'Iv . . ,I
Neutrino mixing

= —= E m;V; Vg, —
2 = ViL = E Unvir,
i

Inverted hierarchy Am? (1 —sin?2615) < |mgs|? < Am?
M3 < My < My 1.7x 1072 eV < |mps| < 5.1x 1072 eV, 56



773" (A, Z) < Tijs(A, Z) < Tij57(A, Z)

Probe of
: 1 .
T Z) = . ’ the see-saw mechanism
2 ) Am%4|M(A, Z)|2G%%(Ey, Z)’
1
21 LA Z) = : > ;
L ( ' ) A?Hi('()ﬁ“2()|~_)|;"[(‘-4, Z)IZGOU(E(),Z)
IOJUE E
: s NSM (g,=1.25) E
I A diff. models (g,=1.25) Z
107 E s QRPA(1.0<g, <125) | []q =
E 10“35_ * Te ¢ o' -
C & .
= N * ¢ * ¥ A * v ]
T - Y - _
= |
= T EL A A
- ‘ -
L A A i
- Ay A

26| . 4 B
10 = 8 'y A 7

107

. 4ECa TEGE EESE Qﬁzr lmM0116Cd124Sﬂ128TE IBDTEB&XEljﬂNd
Inverted hierarchy

Bilenky, Faessler, Potzel, F.S, Eur. Phys. J. C 71 (2011) 1754



Co-existence of 2, 3 or more interferring mechanisms of 0vB[-decay

It is well-known that there exist many mechanisms that may contribute to the 0v[3.
Let consider 3 mechanisms: i) light v-mass mechanism, ii) heavy v-mass mechanism
iii) R-parity breaking SUSY mechanism with gluino exchange and CP conservation

1 mg .
101/ Ov Ov Ov 2
o = (Fo, Z)| \l +1[\ My + ny My, - |
/2 m,
2
2 heavy o, A2, m |- mj; 2]
- L . m . s 1 7p 14 dr
Mgz = (U k) gkmk E. g Hep My = pEr I +( : ) :
zk: e J ZL: U ok M, 6 Grmg mg |_ ma, J
d
_b
R Clai f evid = Klapdor-Kleingrothaus, Krivosheina,
alm o1 evidence. Mod. Phys. A 21, 1547 (2009)
—» 01/ T/ YN -i—O 25 _,
drp X e > |
e e TP;,(“’“\«I(~>) 5.8 x 10% y Ere < 1.2
~ (Y ¢
Uy, u 130 24
| L 5 Te) > 3.0x 10°" v <2.6
"  Weintroduce 1/2( )2 ’ SMo
g
I MY TG, &=0, non-observation (T,—0)
I u 1V 4 T ° ° o
i - £ = \[{’ \/TliCl < E=1, solution for single active mech.
M. h GoF .
™ "}3111 e > 5|VTz Gy is reproduced



4 sets of two linear eq.

=1 ey
—_— = —— MY + nM7
V1 Gy me =

oo | M3z

VI Gy M,

ﬂ-[; + ‘I]ﬂ-fg

2 active mechanisms

of the Ovff-decay:
Light and heavy
Vv-mass mechanism

Non-observation of
the Ov3p-decay for some
isotopes might be
in agreement with
non- Zero Mmgyg

9/14/2012

2 different solutions cp_conservation assumed

. Me MY MJ
Mla
i MY/T; Gy (MY M) — My M7)
me My M7

—+ ‘
M¥\/Ty Gy (MY M — My M)

F.S., J.D. Vergados, A. Faessler, PRD 82, 113015 (2010)

l.D_IIIIIIIIIlIIIIIIII||||||||||||||||||||
B tritium J-decay (excluded)
B0re (excluded)
—
>
b
e
T
E@.
T olp
- —— solution (++)
— — solution (+-)
||||||||||||| ||| |||||||||
0‘0 N N Y |
b.ﬂ 0.5 1.0 L5 25 3.0

Non-observation

e Single solution for 3%Te

for light v-mass mech.



Two non-interfering mechanisms of the 0vfB[-decay
(light LH and heavy RH neutrino exchange)

TY("°Ge) > 1.9 x 107y,
5.8 x 102y < TP ("' Mo) < 5.8 x 10*y,

Half-life:
l ~ V)2
T:);) '(-)U(r Z) |7)V| |‘[,1 u| + |I]R| |‘[’ od
Set of equations:
1 2 Ov 2
T [ 2| MY" 2 + [l MY |
1 2 Ov 2 2 Ov |12
T)(r'-) - |?]V Jj‘["z,l/| + |I7f{| |A[,2.1\‘.|
Solutions:
m? — |M'3 %2/ TV Gy — [M')"y|?/ ToGo
T IR — M PP
|f][ I-z _ |‘J‘[IOU|2/T’C2_ |\[’(2h:/| /TICI
|2 =

| MY PIMY N |12 = | MY [P M,

|2
2,v

Ov (76 _ +0.44 25,
Ti}5("Ge) = 2.23%53) x 10%y
3.0 x 102y < T ("9Te) < 3.0 x 102y
Mpg
b=
c
V—A > V+A >
Wy, e Wr e
> »>
X5z, Ve Y N Y
> >
W © Ws ©
V — A V+A
] 4 heavy
”R _ ( My ) Z V2 mp
4 f\[ WR A ck f‘ [k

A. Faessler, A. Meroni, S.T. Petcov, F. §,, J.D. Vergados, ic

B. Phys. Rev. D 83, 113003 (2011)




Two non-interfering mechanisms of the 0vpfS-decay
(light LH and heavy RH neutrino exchange)

The positivity condition:

BOTe (T15=1.65x10%) and '*"Mo

1 — -
TGMPVE - < TG M"Y |?
Go| MY 12 = 7 7 Gy|MYy, |2
1F
]
=T T L
Very narrow ranges! <10~ KATRIN J. - -
= _----‘--_—-
/ol et £ E “'"P\
015 < 222 <018 1072 el
\ _:l 1€ ) IHTH f ;\]”_ 4 heavy 1?2 ”?p ,I o .nl,}g
017 < LplPTe) 059 E ;’ (-UH'R) ; * My Y m,
— /;"'f_,i"'(,'r ) — 10_3. h
f ‘l();!’z(IBOI'C)
114 S 'f‘;{f,',_)(]':"':'_\f()) S 124
1“_4 . 25 : 25 25
1.35x10 1.4 x10 1.45 %10
0/14/2012 T("™Mo) [y]



Two interfering mechanisms of the 0vpf-decay
(Light neutrino and gluino exchange)

l 9 Ov 2 (]:/ 2 01/ Ov
T”H ('“”(F /'] = II”’ HI \IIH/ + I ]\’ 2,\’ 1)\’“ \],z v T ]//\"|
LIE sy RSyl
6Ge(10%%),1°'Te (3%10%*) and '"Mo (free)
. D o Dy 1p . . . N
2 1 2 _ 72
um = —, T\
Dy :
= )(()H(]|]]V||’]\I| — f %10_1' Mainz / Moscow
D E
. . . < 1072 '
Given (i.e. having data on) = !
T, T, + using the condition * | - O e R L
on the interference term £107°} KATRIN |
|
z =2 cos a/n,||n,|, |
Determines an interval of 10-4 _ . .
allowed values of T,. 2.5x10% 2.6 x10% 2.7 x10%

T1("*Mo) [¥]
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Neutrinoless Double-Electron Capture
(A,Z)—>(A,Z-2)**

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

9/14/2012 Fedor Simkovic
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Resonance enhancement of neutrinoless double electron capture
M.I. Krivoruchenko, F. éimkovic, D. Frekers, and A. Faessler,
Nucl. Phys. A 859, 140-171 (2011)

* New physical phenomenon, oscillations of atoms, was proposed. A connection
to process of resonant neutrinoless double electron capture (Ovee) estsblished.

 The process of the Ovee has been revisited for those cases where the two
participating atoms are nearly degenerate in mass. New Ovee transitions with
parity violation to ground and excited states of final atom/nucleus were found.
Selection rules for the Ovee transitions were established. The explicit form of
corresponding NMEs was derived.

e Available data of atomic masses, as well as nuclear and atomic excitations were
used to select the most likely candidates for resonant (Qvee transitions. Assuming
an effective Majorana neutrino mass of 1 eV, some half-lives has been predicted
to be as low as 1022 years in the unitary limit. According to obtained estimates,

in the case of 152Gd the sensitivity can be comparable to the favored Ovpp
decays of nuclei.

e More accurate atomic mass measurements in the context of the Ovee were
initialized, which have been partially accomplished using the modern
high-precision ion traps. In addition, new (Ovee experiments were initialized
(TGYV, R. Bernabei group at Gran Sasso, Muenster-Bratislava)



Oscillations of atoms

pratom  _ M; ey Oscillation of atoms
ff T \ VNV M;-1iT (lepton number violation)

F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485

u

In analogy with oscillations of H'? = ( g[\ - "'FB'\rf- )
n-anti{n} (baryon number violation) - W= M =5l

a)
(S b eb
> > >
P, P,
(A,Z) Vu  (AZ-2) Vu (A,Z)
P,
P b
b o > >
e, €y
b) e,
> > >
n, P, n,
(A,Z) Vu  (AZ+2)  Vy (A,Z)
n, P, n,
> > »
9/14/2012
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OSCILLATIONS & RESONANT TRANSITIONS
BETWEEN GROUND-STATE AND EXCITED ATOMS

To the lowest order in V:

A, =M, +AM —%rl, «i=AD)
i — Kk
where A =M,-AM _E(F_F1)1<_ f=(AZ-2)
2
AM = = (M‘_Mfl) , UNITARY LIMIT: M, , = M**, ,
2 2
(M. —M,) +ZF Fmax_4V2
2 1 = r :
I = Va1 — <<I.
(M. =M ) +=T7
4 =

Breit-Wigner factor



LIKELY RESONANT Ovee TRANSITIONS

Decay width of the parent atom:

2
I, = VI

(Mi _Mf)Z‘F%F2

Calculations:
1. Mass difference 2> Coulomb energy of electron holes.
2. Decay widthI" > widths of the excited electron shells,
Auger & radiative transitions.
3. V = L; violating potential,
electron wave functions & nuclear matrix elements.



DECAY WIDTHS OF TWO-ELECTRON HOLES

Decays are dominated by
1. radiative transitions with the emission of X-rays,
2. the emission of Auger electrons.

X-rays are dominant in the decays of atoms with Z > 35.

The width of a two-hole state af} is represented by

r,, :ra+rﬂ+@

| J . .
! R  nuclear de-excitation

electron shell

ra are taken from: J. L. Campbell and T. Papp,
At. Data and Nuclear Data Tables, 77 (2001) 1.



Capture of s, ,, and p, ,, atomic electrons is prefered

o 1 fa(r) Xom. R
Uom (Z) = \/—4_ ( g (F) (B ) (@ =n4ys1/2)
J%=0%,0-,1%,1
Ui (T) = L Talr) (T 7) X (a = nap1/2) s
S Var —GallT) Foms BEE
—
Shell Qe H2cd 124 130 Xe LS d
Isyp <1t > 3.45x10° 6.80x10° 8.83x10? 1.09x10* 1.33x10*
<qg> -4.34x10* -1.23x10° -1.81x10° -247x10° -3.30x10°
2819 < [ > 1.25%x10° 2.54x 103 3.35x10? 4.19%10% 5.20%x10?
<qg> -1.58x10* -4.59%x10* -6.87x10* -9.48x10* -1.29x10°
3812 < f> 6.83 %102 1.39x 103 1.83x103 2.29%x 103 2.85%x10°
<qg> -8.60x10" -251x10% -3.76x10%? -5.18x10% -7.05x10?
sy < [ > 4.43x10? 8.99x% 107 1.19x103 1.48x10° 1.84x10°
<qg> -5.58x10"  -1.63x10% -2.43x10* -3.36x10> -4.57x10?
2p12 < [ > 172100 -7.22x100 -1.23x10%  -1.87x10%  -2.78x10?
<qg> -1.37x10* -3.99x10* -5.97x10? -R.25x10% -1.12x10°
2p30 < [ > 8.06x10~1 2.38x%10° 3.48 x10° 4.62x10° 6.31x10°
<qg> -5.02x107% -2.10x107' -3.46x10"' -5.03x10"' -7.47x107!




1) Solution of Dirac equation in the screened Coulomb field (upper line)

2) Solution based on the Dirac-Hartree-Fock method

9/14/2012

Transition e’ Gd cOEr
(f(1s1)) 1.33x10*  1.57 x 10*
1.27 x 10 1.50 x 10?
(f(2s15)) 520 x 10°  6.20 x 10
4.59 x 103 5.46 x 103
(f(3s19)) 2.84x10°  3.39 x 10
2.15 x 102 2.60 x 10°
(9(2p1/2)) —1.12x10° —1.43 x 10°
—9.53 x 102 —1.22 x 10?

Fedor Simkovic

(lower line)
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Improved Q-value measurements
Klaus Blaum (MPI Heidelberg)

nucl. tr. Qold E=B+E, Orbit. A=Q(old)—E Qrnew A = Q(new) — E
H26n =12 Cd  1919.5(4.8) 1901.7 KL, 17.8(4.8) 1919.82(16) 18.12(16)
1924.4 KK -4.9(4.8) -4.56(16)
B52Gd —1°2 Sm 54.6(3.5) 54.794-0 KL, -0.19(3.50) 55.70(18) 0.91(18)
Y1Er 1% Dy 23.3(3.9) 18.09 I Ly 5.21(3.90)
152Gd—'52Sm (Eliseev, et al., F.S, M. Krivoruchenko, PRL 106, 052504 (2011))
(E.S., Krivoruchenko, Faessler, PPNP 66, 446 (2011)
p & 2 Y2
Tee = |Veel? ——— ,. V205G — = o
T - /\ 4 2 ,f’ i ‘ e — TN ; - : J[ v
) A + I / *l EE .“f‘f(élW)ZRnUCI fafb
= |VelR
etron cyclotron 2 2
V., - modified cyclotron ' )’f — 4 x 1026 1eV vears
V. - magnetron ~1/2 Mag J .
V, - axial

Remeasured Q-value:!12Sn, 7Se, 13¢Ce, °°Ru, 15°Gd, 192Er, 198Yb, 19¢Cd,
156y, 180Wy

need to be remeasured: 124Xe, 13'Ba, 184Qs, 1°0Pt
9/14/2012 Fedor Simkovic 71



Nuclear matrix elements for Ovee

Ground state to ground state nuclear transitions

[nitial (final) Ba, Bp(E2) (BC'S;|BCSy)
52Gd (152Sm) (+0.29) 0.212 (0.306) 0.44
g (%Dy)  0.36 (+0.32) 0.333 (0.348) 0.73
BOW (189Hf)  0.27 (+0.27) 0.252 (0.273) 0.75
Nucleus — M2 M
(MeV~'  sph. def. def.
QRPA  QRPA (8, =0) QRPA
2Gd 0.10 7.59 7.50 3.23
0.00 7.21 2.67
B D) 0.10 6.12 7.20 2.64
0.00 5.94 2.27
B0V 0.10 5.79 6.22 2.05
0.00 5.56 1.79

Suppression of the NME depends not only on the relative deformation
but also their absolute values



m,,=50 meV

BB

10" " e

L 2s2p N

Ovee 10 F

O 10 u 2s3s =

half-llves ' = _ 252s ]

07 E [ | * 12 | 3

- 1s3s -"x’* 3

ERl 2 ‘|

= | E

~ L ' -

F S id|

07 |3

107 e

- ' 7

a |
10°
152 164
Gd Er 80y

Nucleus (n2jl), (n2jl), FE, E, Ec Tu (keV) A (keV) Tf‘/‘.i_,“ (v) Tl"/‘."_,lx (v)
12Gd 110 210 46.83 7.74 034 23 x 1072 —0.83+0.18 4.7 x 10%® 4.8 x 10%
110 211 46.83 7.31 032 23x107% —1.274+0.18 4.2 x 1031 1.1 x 1032
110 310 46.83 1.72 0.11 32x10%2 —=7.074+0.18 0.4 x 103" 1.1 x 1032
4By 210 210 0.05 9.05 022 86x10% —6.824+0.12 7.5 x 10% 8.4 x 1032
210 211 0.05 858 0.23 83x10% —72840.12 4.2 x 103 4.6 x 10*
210 310 0.05 205 0.11 1.8x 1072 —13.92+0.12 3.5 x10% 3.9 x 10%
180y 110 110 63.35 63.35 126 7.2x107? —11.244+0.27 1.3 x 103 1.8 x 103!




Ovee experiments in Modane and Grand Sasso

. 6 8284 807
n EC " 206m 0
- 106 T
New level ¢ o A TGAE b
mis /) Q,— 195 keV» :
2737 keV T gt
it o E=EE Yo+ /Y s
(an‘?) - —— — / /"" EC B Ry Abundance 1.25%
* + 2242 5 f-f ) 99.5 '?l:_ . f.--" L,
2 %o >/ ] [Quc2965 keV. " 7/
0" s w015/ /[ ] S
b i / .'IIII T ;!
o SEBeg 17064/ [ | i P
z Ziioasey [ L7 -
3+ 1557.7 | [~ P
éi'” < JECEC
0" 1133844 | s
7 mse [/ !,’QELECETT{I keV
:'_'_ E I|'I I'I J."'J J/
; — / II| , rl
,'I |I ."'. ¥
P hF #
7|V Vilsuss !
_ g [ "ﬂ = ':': I|I I,'r 10 g Of 106Cd
lal A il B = I
1 — 4 = = = |'I :;
¢V 4
106
4Pd

+

T,, 2% (1%Cd) > 3.6 10 y TGV Coll., Rukhadze et al., NPA 852, 197 (2011)

T1/2 Ovee (106Cd) > 1.1 1020 y 24

Fedor Simkovic



AIP

What is the nature of neutrinos?

Study of the Ovff-decay
is one of the highest priority issues
in particle and nuclear physics

(A,Z) = (A,Z+2) +e + e

Perturbation theory

e+ e+ (A,2) > (4,2-2)"

Breit-Wigner form

F a3

T(lhl _ |mas| 7 (Ey, Z) ‘-\/“" ) [OvECEC( gy _ [Vas(J™)|?
1/2 Wi ' (M; — Ms)?2+T12%,/4
2vBp-decay background
can be a problem e 2vee-decay strongly suppressed
Uncertainty in NMEs e NMEs need to be calculated
factor ~2, 3 e 0"—>07,0-, 1", 1 transitions
0"—0%,2" transitions e Small Q-value
Large Q-value e (-value needs to be measured
76Ge, 82Se, 100Mo, 130Te, 136Xe - at least with 100 eV accuracy

Many exp. in construction, 152Gd, looking for additional
potential for observation in the _+ small experiments yet

. . or Simko . .
case of inverted hierarchy (2020)



(Partly)bosonic or fermionic neutrinos?

Fermions:
No two fermions can occupy
the same state, so in the ground
state (T=0), fermions stack from
The lowest energy level to higher
Energy levels, leaving no holes.

Bosons:
In the ground state (T=0) all bosons
occupy lowest energy state.

9/14/2012 76



Mixed statistics for neutrinos
v > = &T\O =
= cosd fI|0> + siné b'|0 >
= cosd |f> + sind |b>

Definnition of
mixed state

with commutation f b — 9 f fT bt — et pt fT
Relations fﬁf)' _ E_iﬁ{’gi-‘f fn_l_E; _ E_iﬁ'f’éf]"
Amplitude for 2vpf3

AY = [cosd* 4+ cosdsin0°(1 — cos¢)] A’ + [cosé* + cos dsin 6*(1 + cos ¢)] A
= cosy? Al + siny?A°

Decay rate W = cosy' W/ + siny* "
= 1-) W’ + W’

Partly bosonic neutrino requires knowing NME or log ft values for HSD or
SSD

( calculations coming up soon )
9/14/2012 Fedor Simkovic 77



Looking for a signature of bosonic v

2vpp—decay half-lives (0"—07, , 07—07;, 07—27))
e HSD — NME needed
* SSD —log ftg, log ftsneeded

P20—S55D o+

T (2
1/2 f’l 4 : . 2 et _ 29

Tov=55D 1) = 241 = 10 fermionic IT2(27) = 1.73 x 10™years
1/2 £/

= 403 bhosonic v = 2.74 % 10*'years

AV —EIP 4y o 21 -
T]_;'E (27) = 1.6 = 10°'years

Normalized differential characteristics
eThe single electron energy distribution
eThe distribution of the total energy of two electrons

eAngular correlations of two electrons
(free of NME and log ft)



Mixed v excluded for sin’y < 0.6 (NEMO?3 data)

W2 = cosy* W/ + siny* W
100V o — 100Ru (SSD) — (1 _ 52) W + b2 ]__.J[;b
O.E 1 | 1 | I I 1 1 1 I I 1 1 I 1 I I 1 I I I 1 1 I I 1 | 1 l
E— sinzx:D_DD (fermionic v) ]
jff: / - sinz;{zﬂ_ﬁ[} ]
0.6 J}' / n——- Sillzx=ﬂ.?[}

""" sinz;(=ﬂ.8l}
ne— sinz;(=ﬂ.9[}

2 :
= = sm ¥=1.00 (bosonic V)

P(T) [MeV™]

ot
| g

L ] Iézr: = _\]

_ Eh BE 1

0.0 0.5 1.0 1.5 2.0 25 i HESE | =
T DVIEV] R T oeany Lol W

Barabash, Dolgov, Dvornicky, F. S., Smirnov, NPB 783, 90 (2007)



Analogues of neutrinoless double beta decay

W+ (AZ) — (A,Z-2) + ¢*
w+ (AZ) — (AZ-2) +put
et+te— W+ W
Kr—p +pu'+p’

m,, M.. M., M.,
M, M, M,
M.. M., M,

9/14/2012 Fedor Simkovic
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Muon-positron conversion

by (A, Z) - (4,22 + et 3 m ><m|
m q_E,u_ + Em — Ez' + I.Em

K €
— e
2 a) \k UE/
\ y 2
ik .
: L
p \UM n
LE/LN violating g | e
processes li> It>

| oo (a2
Muon decay Ord:::zzlizitll';iiative f %l‘\r;n S vl
[ m,. |
pet 176 pe (A,Z) (A,Z-1) (A,Z-2)
I 33 MM aa L ot
et _ 131025 Mye
I . m K ip
H © = fi>
Domin, Kovalenko, Faessler, Simkovic, ) i . . \v,
PRD 70, 065501 (2004) 2lm>
im >< m|

9/14/2012 FedorSimkie— ot B v + B, — E; + ie,, !
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Magnetic moments of Majorana v's

(in light of neutrino oscillations

and
R-parity breaking MSSM)

Gozdz, Kaminski , F. S., Faessler, Phys. Rev. D. 74, 055007 (2006)

Fedor Simkovic
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Dirac and Majorana
v Magnetic Moment

1 Lo
HEL = 2’%‘ 0i10 VirFaa +h.c, Hl = ij;fyl_ﬂﬂ_ Vi o +hec
Flavor changing MM Flavor unchanging MM
Dirac © ©
A L=2 Majorana © X
* Dirac: can have both diagonal and non-diagonal element

e Majorana: cannot have diagonal elememts,
means spin flip causes flavor changing.
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\% magnetic moment in non-minimal SM (+ RH v)

Left-handed

SU(3 )strong X SU(Z)Weak X Uem

Right-handed

Ve, U,
e, d
Vu  CL
L S
Vi &
T, by

Fedor Simkovic

eg Ug di Vg

HrR CR SR ViR

TR kR br Vi
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Measuring v magnetic moment

Photon decay
(plasma process)

i
. Neutrino decay
(V:)L (lv’_j)R Cherenkov radiation (v = v')
i
‘W\/\A< V

i/ e -
g Scattering
° e i
The most restrictive constraint come
from astrophysics: g et -
From cooling rate of globular cluster é Spin precession
stars = S

,uf’_ <3 x 107" ug

9/14/2012 Fedor Simkovic 85



counts

e ;e -
e
7 ve Y
W +
e_ ;e e_ ;e e_ ;e

v scattering experiments

Weak Interactions Magnetic Moment

o /

Sensitivity to electron recoil energy
| 66.6 days

reactor on f
Forward (E, >0) | Reactor v (Rovno, Bugey, Irvine,

|
s —Backward / Krasnoyarsk, Kalinin), solar v
Ii uv=1.410"1°

Mg

‘ / e 070" 0 po o < 0.9 x107 g
o _ | _

\ /“ ’ o < 6.8x1071 up
—ll ‘|| P’*E—; < 39x1077 ug

oon FpP, <3210 p; GEMMA exp. %

T(keV)

?

?



Minimal Supergravity Model (mSUGRA)

SUSY model with two Higgs fields in the framework of unification

All SUSY masses are unified at =
m_ A = gaugino mass parameter

the grand unified scale 12
m (M,) = scalar mass parameter

for squarks and sleptons

my, for gaugino masses A, = Common Yukawa coupling
m, for squarks and sleptons (A, -bottom sector

= A -top sector)

E "y tan § = <H >/<H >

1 = Higgsino mass parameter

[

= n/’/ i

7 / GUT constrained low energy
0 LSP = Cold Dark

7 “——_ Marter candicate_ spectrum found by solving RGE

M, log(Q) Myt * finite Yukawa coupling at GUT scale
* requirements for masses at low energies

*FCNC phenomenology (b—sg processes)
9/14/2012 Fedor Simkovic 87
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Magnetic moment and v mass

SUSY 1nput

The SUSY conversion coeflicient

q—C K AT

Ag Mg myjp  tan s fgusy’ Jsusy fgusy’
GeV] [GeV] [GeV] [eV 1] eV eV 1]
100 150 150 5 (0.3,1.0) x 107 (2.8,8.8) x 107" (0.5,1.5) x 10~**
19 (0.3,1.2) x 107*% (2.8,9.8) x 107" (0.5,1.6) x 10715
500 1000 1000 5 (1.1,2.8) x 107¥ (1.0,2.4) x 107*¥ (1.7,4.1) x 10717
19  (1.1,31)x 107¥ (1.0,2.7) x 107 (1.7,4.3) x 10717
: in2¢* (y3 Iyl — 3 +1
Loop integrals ¢ — 2029 (%2 0¥ — 5 _ o
P g W, 5 (1— y%k)g (Y2 — v1)
4, sin 20% [ In mék In mﬂk
Magnetic moment ik = 2 -l 1"
expressed with . 25 = m jfmgkj 2F = m2, ,.-’“mim
elements of v mass matrix ! 2
\ S ViaViawdy /mge

q
TSR

9/14/2 ( 1

(l — 55;;!) 5,[135??‘151 M?i’

4
Z Ie’;-aﬁatakmqu
| [ 8

= ITEx

A AL 88
— 555’)-’M z'lrz"f SqUSY



Calculated v magnetic moments

SUSY input in GeV Transition magnetic moment y,,. in ug
Ay mg my /s 17 Orv 33 constraints inverted hierarchy normal hierarchy
lepton-slepton loop mechanism
100 150 150 ep,er < (0.62,2.10) x 107** (0.01,5.00) x 10~*" (0.13,1.60) x 1077
IThy < (0.50,1.70) x 10715 (0.45,3.80) x 107" (0.87,4.10) x 1077
500 1000 1000 eu,er < (2.20,5.50) x 1077 (0.04,13.0) x 107 (0.47,4.20) x 10~1?
QT < (1.80,4.50) x 107*7 (0.16,1.00) x 10~** (0.32,1.10) x 10~'#
quark-squark loop mechanism (without d-quarks mixing)
100 150 150 ep,er < (0.41,1.50) x 10~1% (0.08,36.0) x 10~* (0.08,1.10) x 10~ #
Tk < (0.33,1.20) x 107*% (0.30,2.80) x 10~* (0.58,3.00) x 10~**
500 1000 1000 eu,er < (1.40,4.00) x 107** (0.03,9.60) x 102 (0.30,3.00) x 10~
Tk < (1.20,3.20) x 107*® (1.00,7.30) x 10~ (2.00,7.80) x 10~°

quark-squark loop mechanism (with d-quarks mixing)

100 150 150  eu,er < (0.36,1.30) x 10716 (0.07,31.0) x 10° (0.76,9.70) x 10719
ur < (0.29,1.00) x 10726 (0.27,2.30) x 10~ (0.51,2.50) x 10~1*
500 1000 1000 ep,er < (1.30,3.40) x 10718 (0.03,8.30) x 10~20 (0.28,2.60) x 10~20
ur < (1.10,2.80) x 1078 (0.97,6.40) x 10~ (1.90, 6.80) x 10~2°

Main uncertainty: \ \ f

MSSM parameter space Bounds . Predictions ! j



What is the nature of neutrinos?

mu;‘ . \
] ]
- |
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Double electron

2 0y, "N capture?
90
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Like most people,
physicists enjoy a good mystery.

When you start investigating a mystery
you rarely know where it is going

Mathematics is Egyptian Neutrino physics is Babylonian

The truth is covered in v—experiments.

Thanks to neutrinos we understand Sun, Supernova, Earth (nuclear reactions)



