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Standard Model Lepton Universality

Particle Symbol Anti — p. mass L. L, L, |life—time
[MeV] [s]
electron e et 0.511 1 0 0 stable
el.neutrino U, V. <22100%]1 0 O stable
muon pwo ut 105.6 0 1 0| 2210°
muon neutr. v, v, < 0.19 0 1 0 stable
tau T™ Tt 1777, 0 0 1 2910713
tau neutrino V. [z < 18.2 0 0 1 stable
Lepton Family NEW PHYSICS Total Lepton

Number Violation massive neutrinos, SUSY... Number Violation

Veyr < Veyr; Veur < Ve,r  Observed Ve < Por not observed

pt — et +~ R<12x1RY |KT —a +et+pu" R<5x1079
pt — et +e +et R <10x 10" T~ =7 +at4et R<19x10°°
Kt —at+e +put R <47 x 10712 W +W™ —e +e

T —e +put+pu R<18x10°° (A,Z) = (A, Z+2)+e +e- T%>19x 1072
Z° — e 4+ ¥ R<17x107%| |y +(A,Z) = (A, Z—-2)+et R<36x107%
y + (A, Z)— (A, Z)+e R<12x107Y |leo4+e —a 40~ ?
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BB-decay
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(A, Z) — (A, Z +2) + 2 +25.

Observed for 10 isotopes: ¥Ca, °Ge, 3*Se, *%Zr,!""Mo. W e
16Cd. 128Te, 39Te, 15Nd, 238U, T, , ~108-10%* years vy

1967: 3'Te, Kirsten et al, Takaoka et al, (geochemical) ¢
1987: 32Se, Moe et al. (direct observation)
2008: 1Mo, NEMO 3 coll. ~ 300 00 events

(A, Z) — (A, Z2+2)+ 2e”

SM forbidden ,not observed yet: T,,, ( Ge)>102° years




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



Atomic mass (arbitrary units)

The double beta decay process can be observed due to nuclear pairing
interaction that favors energetically the even-even nuclei over the

odd-odd nuclei

A=const (even) _
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33 emitters with Qg >2 Mev

Transition

110Pd _.110 Cd
?EGe __.76 Se
1245n _ 124 Te
136Xe __.136 Ba
130Te _ 130 Xe
116Cd _}116 Sn
825e —82 Kr
IOOMO __. 100 Ru
9% 7Zr —% Mo
150Nd _.150 Sm
48(_-3 _ .48 Ti

Qg;j ( keV)

2013
2040
2288
2479
2533
2802
2905
3034
3350
3667
4271

Abundance (%) (®2Th = 100)

12
38
6
9

34
7
9

10
3
6

0.2
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AM, [MeV]

Double Beta Decay Nuclei of experimental interest

Emission of two electrons
(A,Z)—(A,Z+2)+ete

BB

AM, [MeV]

Preferable nuclear systems

with large AM , (E®)
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Double electron capture
e, e, +(A,Z)—(A,Z)"

AM, might be also
important (resonant
enhancement)

Nuclear systems with small

Signal from y- and X-rays

T
300



The OvpB[3-decay mechanisms

Two basic categories are
long-range (exchange of light Majorana V)
and
short-range (exchange of heavy v, squarks, gluinos ...)
contributions to the Ovf[-decay
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Light neutrino
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Squark mixing RPV SUSY

Neutrino
vertex
L = ei (€7a(l—75)v) (W™ (1 —s)d) +he. (V= A)
_ : : : Hirsch,Klapdor-Kleingrothaus, Kovalenko
R-parity violating SUSY vertex PLB 372 (1996) 181
e G ! =1
o = & ( e 3 Us (#(1-+95)e) (a1 +50)0) (s, P)

1
Fooie UL (70us(1+35)e) (W-ﬁ(lﬂ-smwh.c.) (Tensor)
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PLB 459 (1999) 450
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gluino/neutralino exchange R-parity breaking
SUSY mechanism of the OvB3p—decay

quark-level diagrams

d+d >u+tu+te+e de L, dr e
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nucleon level

Light neutrino exchange

Heavy neutrino exchange
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The Ov3B3-decay NMEs

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 (0%, 27) 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
Ovpf-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 the quality of the result.
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s

Many-body Hamiltonian

Start with the many-body Hamiltonian

H= Zp, + 2 V(F 7))

i<j

0f1p N=4 /

Introduce a mean-field U to yield basis 0d1s N=2

1p N=1 0=0~0-O

P, +U(r) ]+ZVNN(r—r) Zi:U(ri) 0s N=0

m <]

—
Residual interaction

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

The mean field determines the shell structure
In effect, nuclear-structure calculations rely on perturbation theory

11/19/2009 Fedor Simkovic 13



Two complementary procedures are commonly used:
e Nuclear shell model (NSM)
*Quasiparticle Random Phase Approximation (QRPA)

In NSM a limited valence space is used but all configurations of valence
nucleons are included. Describes well properties of low-lying nuclear
states. Technically difficult, thus only few OvpBf-decay calculations

In ORPA a large valence space is used, but only a class of configurations
is included. Describe collective states, but not details of dominantly
few particle states. Relative simple, thus more Onbb-decay calculations

11/19/2009 Fedor Simkovic 14



The OvpB3-decay NMEs (Status:2009)

60— T
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Nobody is perfect: | 5§V (small m.s., negative parity states)
PHEB (GT force neglected)
IBM (Hamiltonian truncated)

11/19/2009 (R)QRPA (g.s. correlations not accurate enough) =



A claim of evidence and other experiments
(current status)

B Klopdoretal., 90 % C.L. B Exp. bounds + NME, 90 % C.L.

N ! N

%Ge | g wigl (GEX
%G | ... NEMO-3
1o0pfo L NEMO-3
[ o< [ Geochem.
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Faessler, Figli, Lisi, Rodin, Rotunno, F.S., PRD 79, 053001 (2009)



Constraining the Ovp[3-decay NMEs

Nucleons that change from neutrons to protons
are valence neutrons

11/19/2009 Fedor Simkovic
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J.P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008)

Difference in neutron vacancies

Proton, _ -
= @ £
neutron £ z O
removing 6Ge — 76Se ol EXPERIMENT & & B2 |

transfer reaction John Schiffer, ' Odgro

P.Grabmayr et al

Ofso

H?IP — ( 1ﬂ1f|E C , 1T j:m|01ﬂat>

010 | | | | | 1P32+1Py 2
_ (b) | 0
0.05 + i
| o Lo |
o 000 - e | Kay et. Al, PRC 79, 021301 (2009)
E I Difference in proton occupancies
£ -0.05 — &
> @ =
2 I < << i
—0.10 ) EXPERIMENT % % c:%)g
—-0.15
~0-20- =500 1000 1500 2000 2500 |
Excitation energy (keV) 1L ]
QRPA(A) = BCS (WS)
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PLB 668, 277 (2008)



How can we take into account theoretically the constraint represented
by the experimentally determined occupancies?

The experiment fixes — n;eP = <0% .| T ¢; " C
for the final nucleus

im |0%> and the same

particle creation and
annihilation operators

In BCS n° = v;# x (2j+1) depends only on v;which in turn depends on
the mean field eigenenergies

In QRPA the ground state includes correlations and thus

nQRPA = (2j+1)X[v® + (u;?-v,P)E]
.= (2j+1)V2<0*, . | [a*.a;]° | O*,. > depends on the quasiparticle
i~ el grpal 19§ qrpa
/ content of the correlated

ground state
quasiparticle creation and
annihilation operators
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Initial and adjusted mean field levels

While n;®*? and n;®“® are constrained
by Zn; = N (or Z) the n,Q®"* are not
constrained by that requirement.

The particle number is not conserved,

even on average. Thus the QRPA
must be modified to remedy this =
Selfconsistent Renormalized QRPA

‘ “Ge — Se prev. new
Jastrow s.r.c. | 4.24(0.44) 3.49(0.23)
UCOM s.r.e. | 5.19(0.54) 4.60(0.39)
10
i WS Adjusted Adjusted
sl d,, A _
Cody §=,4: g %
of dl;z e ” N
- L
E‘ s I p9/2 _N_/"_ N
m;:n L Bp fla
i flfz -x—/)(_ p5"2 A 74——::7L
G0 5, ToeEmE— y
I Lo —_——
'15:_ T —_— B
76Ge 76Se

76

TGGe T’GSe
neut. | BCS Q S exp BCS Q S exp

P 565 527 464 49402 | 557 5.05 4.12 44402
fs;2 | 554 512 434 46+04 | 553 5.00 3.63  3.3+04
Jrp | 791 7.67 7.62 - 790 7.54 T7.37 -
s | 001 0.05 0.07 - 0.01 0.04 0.08 -
ds;o | 0.03 0.14 0.15 - 0.02 0.14 0.16 -
ds;2 | 0.09 0.30 0.36 - 0.07 0.27 0.39 -
grr2 | 0.14 0.53 0.48 - 0.12 0.56 0.58 -
oo | 4.63 478 635 6.54+0.3 | 278 355 5.66  5.840.3
prot.

P 223 234 175 1L.77£0.15 | 207 276  2.28 2.0840.15
fs2 | 1.61 227 208 2.04+0.25| 295 297 3.03 3.1640.25
frp | 783 719 713 - 7.76  7.12 7.06 -
si2 | 0.00 0.02 0.03 - 0.00 0.03 0.04 -
ds;2 | 0.01 0.07 0.07 - 0.01 0.09 0.09 -
ds;2 | 0.01 0.12 0.15 - 0.02 0.17 0.18 -
grz | 0.02 0.19 0.16 - 0.03 0.31 0.27 -
goro | 029 0.85 0.62 0.23£0.25] 046 1.15 1.04 0.84+0.25

F.S., A. Faessler, P. Vogel, PRC 79, 015502 (2009)
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Constraining the 0vp-decay NME

- charge-exchange (t, *He)
- "V oar reactions (d, 2He)
e
V- From D. Frekers, RIKEN 2008 lecture
o — The cross sections give B(GT) for 3 and 8-,
o I product of the amplitudes (B(GT)Y?) gives
(ZA) Z+1.4) Z+2,)

the numerator of the M2¥ matrix element.

o
(=
B~

e | 2v33-matrix element
b 0.16 + 0.04 MeV-1

AE = 120 keV

=
(=]
@

-
o
N

-
[+ 1]
oo

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

=
o
g

6Ge(3He,t)"®As

120 “rai 1| 2vBB - half-life
80 (1.1£0.2)x 102! a
40

recommended. exp. value:

A mevs| (1.520.1)x 102" a

d’o/dQdEx[cts/sr 10 kev] do/dQdEx (mb/sr/50 keV)
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Staircase plot (running sum) of the contributions to
the 2vBp decay ("°Ge—"%Se)
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Shell structure
of the mean field changed
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Nucl. Exp. I Exp. II Theor. I Theor. II

. ®Ca 000 0101 _ 0.00 0.00
Nuclear deformation ST 4017 0269 001 000
®Ge  4+0.09  0.26 0.16 0.14
76Se +0.16 0.31 -0.24 -0.24
_ [T
- 5 Z P 82Ge +0.10 0.19 0.13 0.15
r; 2Ky 0.20 0.12 0.07
. . 87y 0.081 0.22 0.22
Exp. I (nuclear reorientation method) oMo 4007 017 01 008

Exp.II (based on measured E2 trans.) . |
Theor. I (Rel. mean field theory) w01 0 oie oie
Theor. II (Microsc.-Macrosc. Model of

3 u6cd 4011 0.19 0.26 0.24

Moeller and Nix) 165y 4+0.04  0.11 0.00 0.00

28T 4001  0.14 0.00 0.00

Till now, in the QRPA-like calculations  **Xe 0.18 0.16 0.14
of the Ovpp-decay NME 180Te  40.03  0.12 0.03 0.00
spherical symetry was assumed Xe 017 013 011

136X e 0.09 0.00 0.00

The effect of deformation on NME “'Ba 0.12 0.00 0.00
has to be considered 150Nd  40.37  0.28 0.22 0.24

1508 40.23  0.19 0.18 0.21
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New Suppression Mechanism of the DBD NME

et .
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04 X 55 g

The suppression of the NME depends on

relative deformation of initial and final nuclei

F.S., Pacearescu, Faessler.
NPA 733 (2004) 321

Systematic study of the deformation effect on
the 2vp3B-decay NME within deformed QRPA

04

02

04

02

0]

40.2

_ CXp
— — WS sph-sph
—_— WS: def
L T T T T T 1 T I I T T
48 48 76 76
- Ca— Ti + Ge — Se
—== AN
— i \ -
[ ] A
| | | | | | | | | I
[ 1 1 1T 1 T T T T 1 1 |
82 82 96 9
- Se — Kr 4—_ 7r — 6Mo
N Y
i N L ‘\
| | | | | | | | I‘ |
_____ I I I I I ] I I I I I |
T~ 116 116
- RN . Cd > Sn
m { ] £
\| - .
= = ~
A
100 100 T \
L Mo Ru 1 \l\ |
| | | | | I | | | | | | \" \ | |
I I I I I 1 I I I I I I I I
L 128 128, | 130 130 i
™~ Te Xe Te - Xe
- “ 7"' -~
\ =
L 1 S
Y
m y s
| ﬁ | | | | | \l |
I I I I | I I e I I I I I I I
136 13 e~ 150 150
B Xe — E‘Ba” ~a Nd — " Sm
~
A - N
x \}
B N,
N Ay
| \ | | ‘ |

| | | |
0.02 004 0.006
Kpp [MeV]

0

Alvarez,Sarriguren, Moya,Pacearescu, Faessler, F.S.,

Phys. Rev. C 70 (2004) 321

0

| |
002 004 006 0.08

Kpp [MeV]

o4
102
10
104
102
10

104

0
04

102

10

0.4

10.2

0



11/19/2009

Neutrinoless
Double Electron Capture
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[Z-2t

Atom mixing amplitude

AM
E=E*+E +E,,
F=I*+Ty+TIy.

Decay rate

1__ (am)”
T (Q-EY+ir

2vECEC-background
depends strongly
on Q-value

Neutrinoless double eleectron capture
(resonace transitions)
(A,Z)—>(A,Z-2)*HH,

J. Bernabeu, A. DeRujula, C. Jarlskog,
Nucl. Phys. B 223, 15 (1983)

DEC transitions, abundance, daughter nuclear excitation, atomic vacancies
and figure of merit of some isotopes [10]

Transition Z-natural Muclear excitation Atomic vacancics Figure of merit

Z—Z -2 abundance in % E* (in MeV), /" H,H’ @ — E {in keV)

4% — 11 Ge 0.87 1.204 (2% IS(P). 25(P) 243
2.839(27) . 19

Mo L Th .
K - 35Se (.36 2864 (%) 15, 18 L 10

5 " L3 (27) S L
1 pg —, 102
4 Pd =" Ru | 1107 (47) 15, 18 LY
MECd — ' Pd 1.25 2741 (T 15, 18 ~8+10
'S0 = Cd 1.01 LTI (D) 15,15 -3410

2.502 (7) 15,15 R

130y, _, 130 :

56 Ba = T5s Xe 0.1 2.544 (7) IS, 25(P) o 13
152G —» 1528m (.20 00" IS, 28 444
2 Er " Dy .14 L783 (2% S, 28 | + 6
I Er — "M Dy 1.56 00" 18,25 9+5
Lok - 1355 (1) 15, 28 i
Yh — 5 Er 0.14 1393 (7) 2. 25 T4

: a0y 1S, 15 2%

1804y __, 1L

AW — U 0.13 0.093 (2°) s 38 DERY
NeHg — Pt 015 0.689 (21 IS, 28 26+ 9




Modes of the OVECEC-decay:
e, tet(AZ)— (AZ-2)+ vy
+ 2y
+ e'e
+ M

eb + eb+ (A,Z) I (A9Z'2) + Y

A

§ THE RESOMNAMNT SITUATION
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Neutrinoless double electron capture
(perturbation theory approach)

Theoretically, not

well understood yet:

e which mechanism is important?
e which transition is important?

o+

745e (0.9%)
Ami= —T2.2125(15) MaV

596 (2+)
; T1Ge
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|, 3 =eemesmm——————— Q=1209.4+2
\E&"E“M 1206.5
© EETECTOTE 12042 (2)
KiLE~126
» 1196.8
KgKg~23
> 1186
- )
]_—\{];r/“. L F (Qp — J-S) | co |2
T 2 - 2 O
By — Qres|> + [I'7/2]
Fed - _ 28

20090S0/x3-day ‘saaxaa



74Se z Experimental
activities (74Se)

o+

745e (0.9%)
Ami= —T2.2125(15) MaV

Muenster and Bratislava
groups exp. in Bratislava
Frekers et al., to be submitted
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Experimental activities (112Sn)

F -
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In comparison with the OvpBB-decay disfavoured due:

* process in the 3-rd (4th) order in electroweak theory A.S. Barabash et al.,
* bound electron wave functions NPA 807 (2008) 269
favoured: resonant enhancement ?



F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.
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Oscillations of stable atoms (I'=0)
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Double electron capture (I'#0)
(resonant enhancement of atom)

[ = 4x107" Z* eV ~ 1ton 4?2
) fimae = M; * T  Mass difference >>T°
— 03} E‘I.-*r (Z — 30) N 104 yf_r_l
41;2 1—12 L, _1
— Mass difference ~ keV



Different types of Oscillations (Effective Hamiltonian)

Oscillations of v;-v,
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Double electron capture
€512t €510 11280 — 112Cd(07)

Reletivistic electron w.f. (j=1/2, 1=0, I’=1)
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[ = 2 I'x 0%, 0 2.69
(M; — My)? + 0%, (1 ph.) 1.224 3.02
0*,(2 ph.) 1.433 0.90
0", (1 ph.) 1.224 2.78

11/19/2009 Fedor Simkovic




Double electron capture of 112Sn
(perspectives of search)

F. Simkovic, M. Krivoruchenko, A. Faessler, to be submitted
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1keV  2.44103 years 2L
100 eV 2.4510% years
10eV  2.91107 years = 10"
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Domin, Kovalenko, F. S., Semenov,

NPA 753, 337 (2005) T,,% (%Ge)= (2.95 — 5.74) 10?¢ years for mg,= 50 meV



Lepton number and parity
oscillations

0"—2" strongly suppressed,

Jr=0+  Calculated double electron capture half-lives (mg; =1 eV)
Transition Miyo—Mazo| My, ,— May Holes T T1 /2
12Sn — 12Cd* 1871 £0.2 5.9+ 42427 1s1)5 18155 | 2 x 1027 [ 8 x 107
™2Gd — 3?Sm 0 —0.3+254+2.5 | 1sy/5 25175 | 5 x 1027 | 9 x 10%°
0 59425425 | 1s1/5 3515 | 4 x 10 | 8 x 10%
0 7T4+25+25 | s 4sp | 8x 100 | 10%
15Gd — %Sm* 3045 + 2 57425425 | 25,5 25,5 | 8 x 10%° | 3 x 107
3045 + 2 11.8425+2.5 | 2519 35152 | 3 x 102 | 8 x 10%
3045 + 2 13.3£25+£2.5 | 2519 45y | 4 x 1077 | 2 x 10%
3045 + 2 6.6 £ 25425 | 2p1/5 2pisp | 2 x 1077 | 2 x 10%
5Dy — £0Gd* 1988.5 £ 0.2 TO0E£6.6E125 [ 2s1)5 25155 | 2x 1077 | 8 x 107
1988.5 £ 0.2 T9+£6.6+125 | 2p12 2p1js | 8 x 107 | 4 x 107
Transition Jr My 7 90— Maz—2| My, o— Maz Holes T Tiso
PEr — PDy* [ 17| 1745.716 £0.007 | —10.1 3.5+ 2.5 | sy 1sy5 | 8 x 102 | 2 x 10%
%Dy — I6Gd* | 1T | 1965.950 £0.004 | =125+ 6.6 +2.5 | 1s1/0 2512 | 10 |3 x 107
17 | 1965.950 & 0.004 | =58 £6.6+2.5 | Lsys 3512 | 2 x 105 [ 2 x 107
1~ | 1946.375+£0.006 | 84+6.6E25 | 1s1y 2515 | 8 x 10%° | 4 x 107!
ISe — Get ﬂ 27 1 1204204 £0.007 | 3.0£1.7+1.6 | 2piss 2psn | 10 107

p;,-electron needed ( squared R/ag-factor)




Q-value measurements
Klaus Blaum “LAUNCHO09 (Nov. 09)”

PP
Decay Q-value Precision
6Ge — 76Se 2039.006(50) 6E-10
G. Douysset et al., PRL 86, 4259 (2001)
130Te — 130Xe 2527.518(13) 1E-10
M. Redshaw et al., PRL 102, 212502 (2009)
136Xe — 135Ba 2457.83(37) 3E-09
M. Redshaw et al., PRL 98, 053003 (2007)
ECEC
1128m - 112Cd 1919.82(16) 1E-09

5. Rahaman et al., PRL 103, 042501 (2009)

120Te — 120Sm 1714.81(1.25) 1E-08
N. Scielzo et al., PRC 80, 025501 (2009)

11/19/2009 In general accuracy below 300 eV possible



OvpBp-decay and OVECEC study

There is a need for supporting experiments

Nuclear matrix elements:

* Mean field p and n removing transfer reactions
e - and [ strengths Charge-changing experiments

* deformation Exp. to remeasure deformetion needed
e 2vf[-decay Double beta decay experiments

O-value measurement:

OV,B,B . 48Ca —>48Ti, 82C 082 Kr, 100010 —>100M0, H6Cd—1168p

OVECEC: 192Er—162Dy 156Dy 156G, 202Ppp—>202Hg,
(7*Se—"*Ge, 3'Ba—13Xe, *Kr—7"8Se ...)

11/19/2009 Fedor Simkovic 38



What is the nature of neutrinos?

Only the OvBp-decay can answer this fundamental question

6Ge 130T e =
116Cd
Bp '
GERDA
11(;?)11\\1/13 Double electron
AL /PN capture
§/= > (Muenster, Dresden,

Jyvaskula, Bratislava...col.)



