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Standard Model Lepton Universality

Particle Symbol Anti — p. mass Ly L, L |lif€é —time
[MeV] [s]
electron e et 0.511 I 0 0 stable
el.neutrino v, V. Z29107% 1 1. 0 0O stable
muon ' iy 105.6 0 1 0| 2210°°
muon neutr. vy v, < 0.19 0O 1 O stable
tau T~ Tt 1777. 0 0 1] 291071
tau neutrino v, Vs < 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 Vsiin & Ve not observed
put — et +~ R<12x 108 Kt —wa +et+u" R< 5% 10719
pt — et +e +et R<1.0x 10" T —-a +at+et R<19x10°%
Kt —at+e +ut R<A47x1072\ W+ W~ = e +e
T — e +put+pu R<18x107° (A, Z2) = (A, Z+2)+e +e- T¥>19x107%
Z0 — et + ¥ R<17x10° py +(A,Z2) = (A, Z-2)+et R<36x1071
,Uab_—|—(fl, Z)—> (flj Z)+€_ R<12x1071 e +e —m +7m ?
9/10/

v oscillations proposed by Bruno Pontecorvo in Dubna in 1957



1934 Fermi theory of beta decay

_ Fermi, Z. Physik 88 (1934) 161
n—pte +7. p
Fermi 4-fermion contact interaction, Lagrangian

n .K e- of interaction (in analogy with electrodynamics):
0l) =~=E 3 eYout] [oab oo

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

1935
Q-value about 10 MeV
T,,= 10 years

Eugene Wigner W
Maria-Goeppert Mayer



Double Beta Decay

L A=const (even) -

2 _ 2 .
£ . : 0016 | 2vpp OvBp
g ° A=76 < 0014 -
% 0.012 ;—
% As 0.010 |
£ Ge \B 0.008 |
.u - :
E BB\‘% Se 0.006 f
< E— 0.004 [
/=32 33 34 0.002 |
| I l I] IIIIIIIIIIIIIIIIIIIlIIIIIIIIIII IIIIIII
3 -1 0 +1 +2 250 500 750 1000 1250 1500 1750 2000
A7=7-7, energy [keV]

(4. Z) (A Z+3)+% +3.

d
Observed for 10 isotopes: 4Ca, "°Ge, 82Se, %Zr,1%Mo. W e
116Cd. 128Te’ 130Te’ 150Nd’ 238U’ T1/2 z1018_1024 years V=V
w €

1967: 139Te, Kirsten et al, Takaoka et al, (geochemical) ¢
1987 8Se, Moe et al. (direct observation)
2006: 1%°Mo, NEMO 3 coll. ~ 300 00 events

(A, Z) — (A, Z +2)+ 2e”

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




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

_F A=const (even) o 1 mMaa 2 ,.
% T] /o M,
g transition G"YEy, Z)  Qzz  Abund. |[M"]
g x10*y  [MeV] (%)
2 BONd — BO5m 26.9 3.667 6 ?
E BCq — BTy 8.04 1271 0.2 ?
BZr — %Mo 7.37 3.350 3 ?
o W6 — 1169 6.24 2.802 7 ?
L0 a2 136 X e — 136 Bg 5.92 2.479 9 ?
A= 100 \ [ — 100 1y, 5.74 3034 10 ?
T g ] 0T — H0Xe 5.55 2.533 34 ?
'3 | ®2Se — ®Kr 3.53 2.995 9 ?
3 y 1 CGe — "Se 0.79 2.040 8 ?
Zr Nd
® ®
Se  Jooyp, E
? 116 o 1 1
5 o gty 5
2 e . i The NMEs for Ovpp-decay must be evaluated
ot %o using tools of nuclear theory
- o o o ® o =
- ®e * e Fedor Simkovic 6
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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.

1

0w 2 2
= G¥(Eo, Z)|M™ 2| (mss) |2, mgg = Y3
TI/Z ‘ 6B 2—1
Absolute v - L
I Normal or inverted CP-violating phases

lEeaeells 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 U
0 —S893  Cag —31351613 0 Ci3 0 0 1 0 0 E’i)\‘q‘l

C12C13 _ S12€13 s13€ 01 1 .O 0
—513C23 — 01232331_351513 C12C23 — 31232351513_ 523C13 0 ez .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.



The Ovpp-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*, 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 the quality of the result.

9/10/2010 Fedor Simkovic



Light neutrino exchange Heavy neutrino exchange

Calculation of NMEs
IS a complex task

2

(~ ?Vz )—1 = 7 LNV GOV AJOV

NME’s: which mechanism, which transition?

Shell model
QRPA ... » Medium and heavy open shell nuclei with a

complicated nuclear structure

» The construction of complete set of the states of the
Intermediate nucleus is needed

» Many-body problem = approximations needed

» Nuclear structure input has to be fixed




The OvBp-decay NME (light v exchange mech.)

The OvBB-decay half-life NME= sum of Fermi, Gamow-Teller
1 o O ) and tensor contributions
’j_'"— =G V(EQJZHJI |2|f\?ﬂj‘j}| ) /0w g4 2 ﬂj’ﬂp o o
1/2 e = (L) (£l - e M+ M

Neutrino potential (about 1/r,)

hx(q?)qd
HK(T'J.E) — 2 ( ) mK(q )q 1 /
gy Jo g+ E™—(Ei+ Ey)/2

frer(gri2) = jo(qrz),  fr(griz) = —j2(qre) Induced pseudoscalar

Form-factors: he = gv(q°) / | coupling
finite nucleon her =g% |1 — gégfnz + 2 (éﬂfmi)/(plon exchange)
Size L L2
v = [iaEs - (=5

g
Mg _rerr = Z Z (—1) j”ﬂ P HIHIV2T { Jr J } Jr =

J7 ki kg, T prp'n’ .;'.H'r .;"p'r J
+ 1+ D+
O ’1 ’2 LI I ]

1), p'(2): r12)O0k f(r12) || n(1),n/(2): T
(p(1), p Flra)Osf(ra) | (D) @) e

Jastrow f. < (07 ]][c ,m] ([ J"kg) (T kg | J7k;) (T k|| 6] €] 4 |0F)
s.r.c.




Nuclear many-body calculations
y y Model space

» Start with the many-body Hamiltonian L T
-2 4 - S (51—
B oL 7 (8=
pi Z o S 3d—< - 29 T8
— — 6h —2g—=< X =
H N Z zm + VNN (’/; r]) eve‘ﬁ —”9 ,’\ o 23%2 ((18;—
i i<j N
\«\-3p'/‘ 1112 — (141 —[126]—126
—3Ip—<_3p3, (4)—
. . . of . 21572 (6)— »
2 e 7, P
 Introduce a mean-field U to yield basis Sh < T o=
_1h__1:,
-2 % b
14 - = DI v~ e e —
H= Z +U(r;) |+ ZVNN hi rj)_ ZU(’?) —n— T (51—
Lhw < 2 )—[64]
. 2m <J l even > 197/2 (8)—
1 1 s

—19—=
— R 1992 (10)—[50)—50
. Y . — _—=2p"2 (2)—[40]
Residual interaction the | ter—=1a
p il O R (4)

. . ~ 172 (8)—[28]—28
« The mean field determines the shell structure - - 56
- even {—1d—-<‘:25‘/2 1d%2 ((izi)):H%
 In effect, nuclear-structure calculations rely
. The  —1 p—<IT 1Py otel
on perturbation theory
0 —15——---=1s2 (2)—[2]—2

The success of any nuclear structure calculation depends on
the choice of the mean-field basis and the residual interaction! 1



Nuclear structure approaches

In NSM (Madrid-Strassbourg group) 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 Qvgg-decay calculations

In QRPA (Tuebingen-Caltech-Bratislava and Jyvaskula-La Plata groups) 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 Ovpp—decay calculations

In IBM (lachello, Barea) the low lying states of the nucleus are modeled in terms of
bosons. The bosons have either L=0 (s boson) or L=2 (d boson). The bosons can
interact through one and to body forces giving rise to bosonic wave functions.

In PHFB (India/Mexico groups) w.f. of good angular momentum are obtained by
making projection on the axially symmetric intrinsic HFB states. Nuclear
Hamiltonian contains only quadrupole interaction.

Differences: 1) mean field; i) residual interaction; iii) size of the model space
IV) many-body approximation



Nuclear Shell Model

H=Z£ a a —Z<jajb;JT‘Vjcjd;JT>A
a a“a"a e \/(1+5ab)(l+é‘cd)

eDefine a valence space

0
[[a; ®a;] ®[a.®4,]" 0

eDerive an effective interaction HY =EY — H 4 VY. = E W
eBuild and diagonalize Hamiltonian matrix (10%°)

eTransition operator < W | Oy | Vo™
ePhenomenological input:

Energy of states, systematics of B(E2) and GT transitions (quenching f.)

@ O

48Ca — BT

£5/2 f5/2

p1/2 p1/2

p3/2 p3/2

f7/2 17/2

AU
40(? a

_________ Fedor Simkovic
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6Se,, in the valence
6 protons and 14 neutrons



Quasiparticle Random Phase Approximation (QRPA)
and its variants

N
N\

=15, (16)—[184])—184
N 3d3, E;)—
[ —4S——of--4s/ )—
_33 <’:, il 2977 T (8)—
T i2—(12)—
even 9—=L 3d%2 (6)—
i 227N 29%2 (10)—
S \
21 lev.
\ ‘ 1i'3/2—(112.}—[126]—126
,«‘-3 /2 S
—3p <‘~—3B3/2 (4)—
ot e 272 (8)—[100]
odd‘*’ j 2 1h92 (10)—
i
C 4
_1h_4\
12 Ie\/ g 1h'2 (2%)-—[82}—-82
([ —35 ——===-3sY/ )—
2: s Y (4)—
TR TS 2d572 (6)—[64]
é&ewn ) P 1972 (8)—
4
—1g 4
R 19972 (10)—[50]—50
~2p"2 - E g)—%g}
—2p <. 1372 )—
g’ég’ { 1 e’ = 2P%2 (4)—
- ~
b 172 (8)—[28] —28
., T — K% (4)—[20)——20
3\',‘9“,{ {—1d—§’f~25‘/2 : (2)—[16]
~ 1d5- (6)—[14)
_—1p'2 (2)—[8] ——8
Ba =l 1% (4)—[6]
0 — 1 ——=---=1s'22 (2)—[2]—2

Only Bratislava-Tuebingen group

H = HO t gph Vph T gpp Vp

v

guasiparticle

mean field

Fedor Simkovic

» Large model space (up 23 s.p.l,
150Nd - 60 active prot. and 90 neut.)

* Spin-orbit partners included

» Possibility to describe all
multipolarities of the intermed. nucl.
J* (m=%1, J=0...9)

S\

Residual interaction

14

P



Realistic

) i Modern (phase-shift equivalent) NN potentials
NN-interactions

used In Nijmegen I - (P, = 5.66%) - 41 parameters - x2/Nj., = 1.03
the QR_PA Nijmegen II - (P, = 5.64%) - 47 parameters - %2/Ny.;, = 1.03
calculations Argonne Vs - (P, = 5.76%) - 40 parameters - 32/Ny,, = 1.09

CD Bonn - (P, = 4.85%) - 43 parameters - x2/N,,. = 1.02

C based upon the OBE model >___<
T p® GG,

Brueckner
G-matrices
from Tuebingen
(H. Muether group)

(1999 NN Database: 5990 pp and np scattering data)

Renormalization of the NN interaction I

: Difficulty in the derivation of V¢ from any modern NN potential:
Bethe-Goldstone existence of a strong repulsive core which prevents its direct use

equation in nuclear structure calculations.

Traditional approach to this problem: Brueckner &-matrix method.
G :V+VL6 The & matrix is model-space dependent as well as energy
W-H, +ig dependent.

o



The OvBp-decay NME: g, fixed to 2vBp-decay

Each point: (3 basis sets) x (3 forces) = 9 values

By adjusting of g, to 2vpf-decay half-life

the dependence of the OvBp-decay NME on
other things that are not a priori fixed

7669
Is essentially removed
0.25 ~3.90
S, 30T
— “‘\\/Qlevels i I
\\ — D I p—
= Ny 3 ] ]
& ) = ]
= A 2O i
, R
0.00 * [0.00 = I
Vsl % -
‘\l l|:|-_ E § -
™N / i ¢
‘1‘ 21 levels
"‘ " Th 10 130 136
-0.25 L |‘| T T T T -3.90 Ge Mo Te Xe
07 08 09 10 11 12 13
Rodin, Faessler, Simkovic,Vogel,
16

Phys. Rev. C 68, 044302 (2003)



The Interacting Boson Model’

* The low-lying states of the nucleus, composed by n and z
valence nucleons, are modeled in terms of (n+z)/2 bosons.

* The bosons have either L = 0 (s boson) or L = 2 (d boson).

* The bosons can interact through one-body and two-body

forces giving rise to bosonic wave functions.

* Any observable can be calculated using these wave
functions provided that the relevant operator is employed.

TF. lachello and A. Arima, The Interacting Boson Model,
Cambridge University Press, 1987

9/10/2010 Fedor Simkovic




Projected Hartree-Fock-Bogoliubov Model

PHFB Model

States of good angular momentum J

¥y )= 25 [daDi @R@)® )
J

Axially symmetric HFB intrinsic state

O )= u. +v. b b
‘ ﬂ> H ( im im ~ im rm)

where

4= 2 Cr’&'m”;n bf% = Z( I)H-J mCTJCEm f ™

m

Hamiltonian:
H=H_+V(P)+¢ V(Q0)

Only quadrupole interaction,
GT interaction Is missing



The OvpBp-decay NMEs (Status:2010)

60—
i A [.SSM
- o ® IBM

5.0 = PHFB
i } ¢ (R)YQRPA

AR
=" ¥ }
SEREREEE

pobod b b b b b bl
48Ca 76Ge 82Se 96Zr 100M0116Cd 128Te 130Te 136Xe 150Nd

Nobody is perfect: | s\ (small m.s., negative parity states)

PHFB (GT force neglected)

IBM (Hamiltonian truncated)

(R)QRPA (g.s. correlations not accurate enough)

1.0

9/10/2010



Dominance of light v mass mechanism of the 0 vB3-decay

B Klopdoretal., 90 % C.L.

Im 34

HLE . mft .
fvff'”le Gy a |~"1"1rgu|vT2 G

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

"Ge |-
*Se |-
Mo |
"°cd L
"Te L
Te L

136Xe B

10

Faessler, Fogli, Lisi, Rodin, Rotunno, F.S., PRD 79, 053001 (2009)

IGEX
NEMO-3
NEMO-3
Geochem.
Solotving
CUORICINO
DAMA
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Anatomy of the OvBp-decay NMEs

Fedor Simkovic
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Dominance of Two types of decompositions Sensitivity to g |
Pairing mode (J=0) (Particle-particle) and (particle-hole) of 17 state

B QRPA: M =132
B NSM: Mi‘;ﬂ_m

e

]/ 50)

0.0

.
%

04

M™%

B M7=3.388 (,,=1.050)
B MU=274 (z, =1.096)

0%

B M=220 (2, =1.105)

W QRPA: M =105 12

B NSM: M .=1.98
0.5

e

¥t ur) Cour| P ur) Py ur) |72

M”00

ey
i

0.0

P

=3
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIII IIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIII

Ol

1
_|_

{P(l)JPF(Q)? g || f(?‘lz)oﬁ'ﬂ?‘m) || ﬂ(l),ﬂ“’@);j)

(

01 2 3 45 6 7 8 9
J o 1 2 3 4 5 & 7 & 9

A comparison with NSM Fedor Si1 J
for the same model space




Decomposition in in pp and nn channels

II})(1),#1)'.'(?) a.7 H f(rlﬂjofif'irl:?) H ?1-(1):, nf(g); :])

16 ]
: B “Ge: M"=398 :
Py B Mo M"=2.74 =
: B 'Te: M™'=2.67 :
! J=0
8 Pairing mode
: J£0
e Non-pairing mode
T TgEAIRTOY |
“ 0 1 2 3 4 5 6 7 b 9

J =z

F. 5._._ A. Faessler V.Rodin,, P. Vogel, J. Engel, arXiv 0710.2055 (2007)



C(r) [ fm ]

[
[

C(r) [ fm ']

N

=

1
=43

H

| H

;— —_— e —;
3 — Mo 3
g — 1op, E
EIIIIIIII'IIIIIIIII'||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||1§'
EIIIIIIII'III|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||§
J+0
?I | | ||||||||||| | | | |||||||||||| | 11 I'IE— nkOViC
0 1 2 3 4 7 8 9 10

r-dependence of
the OvpBp-decay NME

The radial dependence of
MO for the three indicated
nuclei. The contributions
summed over all components
shown in the upper panel.
The “pairing’J =0 and
“broken pairs’ J # 0 parts

are shown separately below.
Note that these two parts
essentially cancel each other
forr > 2-3 fm. This is a
generic behavior. Hence
the treatment of small
values of r and large values
of ¢ are quite important.

ORPA
F.S, Faessler, Rodin, Vogel, Engel
PRC 77, 045503 (2008)



Large Scale Shell Model

Menendez, Poves, Caurier, Nowacki,
Arxive:0901.3760 [nucl-th]

PHFB
ijﬁ ] P.Rath, R. Chandra, K. Chaturverdi,
asgy —— P.Raina, J.G. Hirsch,
A=124 —— to be published in PRC
A=130 —
A=136

Cifm” ! ]

Nuclear physics

05
0 1 2 3 4 g 6 7 g 3
frh
Nucleon
physics
9/10/2010 Fedor Simkovic
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3.0

A consistent approach for the Ovpp-decay ¢
(pairing, s.r.c, g.s.c. i
calculated with the same Lok
NN potential- BonnCD, Argon) go,gg
N . 1Y ::\g%;_ Two-nucleon
eutrino potential: 1(r)/r i short range correlations
T(r) 2 foo sin(qr) dq O 04f E
)= - 2 3. - —— Spencer-Miller (JTastrow) 7
mJo (g+ Eaer) (1 +¢q?/EZ;)* . —— Brueckner (Argon) :
' —— Brueckner (Bonn)
—_ B —_— UCOM
|T>Corr_f(r12) |T> O.%: ! N T TS I T T T T SN N N N O N N '
_ .0 0.5 1.0 1.5 2.0 2.5
Ocorr (1) = f(r)O(r,)f(ry,) Iy, [fm]
Nucleon—Nucleon Potential
VNN(r12)‘ ’ L
OUVN’* (‘"12) °F _— g(ijﬂlig%gginm SRC

Wave function

” 1y, [fm]

] NN potential
v potential

—— CCM Argonne SRC 3
—— Miller-Spencer Jastrow SRC 3




The value of the OvBB-decay NME calculated
with consistent treatment of s.r.c. Is increased

7.0 .
6.0 - .
. | :
50 T ]
- T | il i
Naolte [T "7 . =
> i _
ﬂz - | ‘e I -
3.0 1 - 1 I
V7 N + } + y
B L m_
20~ A A A A -
i IX F¥
1 0 - ® A NSM (Jastrow) E
T ® (R)QRPA (Jastrow) :
- B (R)QRPA (Brueckner) 1

0.0 =5 82 96 100 116 128 130 136

Se Zr Mo Cd Te Te Xe 7
F.S., Faessler, Muether, Rodin, Stauf, PRC 79, 055501 (2009)
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Constraining the Ovpp-decay NMES

Nucleons that change from neutrons to protons
are valence neutrons

Fedor Simkovic
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Constraining the mean field with
proton, neutron removing
transfer reaction

Schiffer et al., PRL 100, 112501 (2008)

H?IP ( 1ﬂ1i|E ij j‘:’m|01m.t>

010 T T T T T T
(b) |
0.05+ + .
| ¢ Lo
> 0.00f —————— S, S -
E :
E—0.05—’ o .
P —
A @

-0.10

-0.15

~0.20

Reduction of NME within the SRQRPA

0 500 1000 1500 2000 2500
Excitation energy (keV)

‘ Ge — Se prev. new

Jastrow s.r.c. | 4.24(0.44) 3.49(0.23)
UCOM s.re. | 5.19(0.54) 4.60(0.39)

F.S., A. Faessler, P. Vogel, PRC 79, 015502 (2009)

S

Difference in neutron vacancies
BCS—/x5
°Ge — ®Se S 2\
¢ i )18
ol EXPERIMENT &} G "=
1L ]
Ofs/o
1p3p+1pyp
0
Adjusted WS mean field
TGGe TEiSe
neut. | BCS Q S exp BCS Q S exp

P 5.65 527 4.64 4.940.2 557 505 4.12 4.440.2
f5/2 554 512 4.34 4.6+0.4 553 5.00 3.63 3.8+0.4
f7/2 791 T.67 7.62 - 790 T7.54 T.37 -
S1/2 0.01 0.05 0.07 - 0.01 0.04 0.08 -
ds/z 0.03 0.14 0.15 - 0.02 0.14 0.16 -
d5/2 0.09 030 0.36 - 0.07 027 0.39 -
g7/2 0.14 0.53 0.48 - 0.12 0.56 0.58 -

9o /2 4,63 4.78 6.35 6.5+0.3 278 355 566 5.840.3
prot.

P 223 234 1.75 1.77x0.15 | 277 276 2.28 2.0840.15
f5/2 1.61 227 208 2.0440.25 | 2,95 297 3.03 3.161+0.25
f12 783 T7.19 7.13 - .76 7.12 7.06 -
51/2 0.00 0.02 0.03 - 0.00 0.03 0.04 -
d3/o 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 -
g1 /2 0.02 0.19 0.16 - 0.03 031 0.27 -

Go /2 029 085 0.62 0.23+£0.25] 046 1.15 1.04 0.8440.25




Constraining the Ovpp-decay NME

- charge-exchange (t, *He)
oar reactions (d, 2He)

From D. Frekers, RIKEN 2008 lecture
The cross sections give B(GT) for f*and -,
L product of the amplitudes (B(GT)¥2) gives
(M) {£+1,A) (Z+2,A) .
the numerator of the M?2¥ matrix element.

L] =
LY !
=k =
r L]

o
(=)
5

1 | 2v[33-matrix element
: sl g 0.16 + 0.04 MeV-1

AE =120 keV

o

o

W
1

-
N
oo

=
=]
)

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

=
o
-

Al

-----------------------------

76Ge(3He,t)"®As

-
N
o

S iz 2vpBB - half-life

RCNP 08

(o]
o

(1.1£0.2)x 1021 a

H
o

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

recommended. exp. value:

Amevt| (1.5£0.1)x102'a
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Staircase plot (running sum) of the contributions to

0.5

0.4

0.1

9/

the 2vBp decay ("°Ge—"0Se)

3 adjusted g _...—...-._:‘

C mean field > 0.1F J__,_r"”'"lr

g 0.0‘lllIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

iy 0 1 2 3

g old Woods-Saxon potential
g ?_ij

- -— ——
e Experiment(Frekers) I
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Nucl. Exp. I Exp. II Theor. I Theor. II

. 4ECa 0.00 0.101 0.00 0.00
NUC|ea~r deformatlon J‘sTia +0.17  0.269 -0.01 0.00
BGe +0.09 0.26 0.16 0.14
®Se  40.16  0.31 -0.24 -0.24
_ [T
D = 5 85e  40.10 0.19 0.13 0.15
A 2K r 0.20 0.12 0.07
. - %7y 0.081 0.22 0.22
Exp. I (nuclear reorientation method) Vo 4007 017 017 008
Exp.ll (based on measured E2 trans.)
100\[5 40.14  0.23 0.25 0.24

Theor. I (Rel. mean field theory) 1Ry 4014 022 019 016
Theor. 11 (Microsc.-Macrosc. Model of

. 16Cd 4011 0.19 -0.26 0.24

Moeller and Nix) 165, 4004 011 0.00 0.00

_ _ _ _ 128Te 4001 014 -0.00 0.00
Till now, in the QRPA-like calculations  ***Xe 0.18 016 0.14
of the OvBf-decay NME B0Te 4003 0.12 0.03 0.00
spherical symetry was assumed Xe 017 013 -0.11

130X 0.00 0.00 0.00

The effect of deformation on NME “'Ba 012 000 0.00
has to be considered NG 4037 028 0.22 0.24

150Sm  4+0.23  0.10 0.18 0.21
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New Suppression Mechanism of the DBD NME

B
=
04 \“olztlJ “.-'o,z '.-‘(-;.4 z S
Bdaughter
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 2vpp-decay NME within deformed QRPA

04

02

04

0.2

— exp
— — WS: sph-sph
—_ WS def
L T T T T T ] T I I T T ]
48 43, 76 76
- Ca— Ti + Ge — Se
—==r TN
= — \ -
L _ N
| | | | | | | | I
L I I I I I N I I I I | i
82 82 96 9
= Se —» Kr Zr— E‘Mo
_— Y
-~ 1
i S \
| | | | | | | | | I‘ |
N _\ _ -\. - I I I ] T T 1 I
=~ 116 116
L N . Ccd Sn
C L) m =
F = ~
ALY
100 100 ] 3
. Mo Ru | _
| | | | | I' | | | | | | \l' \ | |
I I I | I 1 I I I I I I
L 128, 128 130, 130
o~ Te Xe Te — " Xe
- i -
T S

r 136Xe —>l36Ba“ e Nd Sm
R _\\
\}
R -
T T e
! Lo ¥ L 1 ! ! 1 1

0 0.02 004 0.06 0

Kpp [MeV]

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

Phys. Rev. C 70 (2004) 321

104

40.2

104

10.2

002 004 006 0.08
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There is a need for supporting experiments

Nuclear matrix elements:

» Mean field p and n removing transfer reactions
« f~and g strengths Charge-changing experiments

« deformation EXp. to remeasure deformetion needed

 2vf-decay Double beta decay experiments
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2vpBp-decay NMEs

Fedor Simkovic
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1

_ 2v/ T 4 | A q2v |2
2vpB-decay NMEs T2 G™(Eo, Z) ga |Mcr|
/
0.25 _I FrTT T TTTT FTTTTTTTTI FTTTTTTT Iil T TTTTTT T TTTT Why the Spread Of the
I 1% 10 2vBBNMEs is large
__ o20F and of the 0vBB NMEs
o I is small?
E I 76
= o5 G; e Are both type of NMEs
Q . Cid related?
< | e Lt :
% 0.10 _— @ E - —_
g', o [as Nd 7
[ Ca 128, 8
— ¢
0.05 B - o
B v |
- 130;‘(3 L6y —
1 Y Y | | 1 I Y Y | 1 Y Y | 1 T Y Y | [ T Y Y Y | |
0'0040 60 80 100 120 14 Why ZVﬂﬂ of
A 136Xe has been
not observed yet?
Differencies among 2 vg3-decay NMEs: up to factor 10 Do this affect the

value of Ov NME



Low-lying states or GT resonance?

M#£0 (Coulomb)
Isospin symmetry SU(2): M=0 Mg1#0 (spin-orbit int.)
Isospin symmetry SU(4): Mg;=0 B*-amplitude from Mg, assuming single
transition through GTR
. 0.14;”‘”” S ”E
0 °
0.12 — -
A °
‘N" 0.1 -
3
Lo 008 —
e C
30.06; . . ]
p " p " ﬁh 0.04;0 =
® =X X— =9 L
0.02 [ . 7
r L
- e *
, ) %" 0 a0 o a0 'Li"'{éa """ 130" 300" 520" 40
llan =] Vpun=S )
low-lying states? GTR? 4

ﬁ
M



2vBB-decay within the field theory

F.S., G. Pantis, Phys. Atom. Nucl. 62 (1999) 585
Weak interaction Hamiltonian

5 . Gp
H(2) = —=2[e(x)VaVer, ()] julz) + h.c.

V2
2vpp-decay amplitude
2 < fISP]i > =
(_;)2 ( Cj/%) Ly (p1, P2, K1y ko) S (p1s pas Ky kea)

—(p1 < p2) — (k1 <= ko) + (p1 = pa) (k1 < k)

Hadron part of amplitude

S (P15 P2, K1y g) = ] e Ptk o—i(patha)z,

out ‘f.pf|T(Jﬂ [."F[ ]Jj-,lifg]”pl =in d$ld$2

9/10/2010 Fedor Simkovic
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Integral representation of Mgt

Mgy = = 100(Ei[1310+k1u—&)t + Ei[qu-szu—&]t)ﬂ,fAA(t)dt

Maa(t) =< OF |51 (2/2), Au(~t/2)]0] >

~"1a'r("r) — EthAk(O)E_th: Ak — ZT;_ (Ei)k: k= 1} 2:' 3.

n times
Ap(t) = e AR (0)e™H = H[H...[H, A,(0)]...
Completeness: f £ (0) T;} 7 - H AL(0)]- ]
2. [n><n|=1

< Aldy(z)ds(m)|A > = Y < AJL(0,7))|n >< n]Js(0,75)|A > x

g E L ; I PR )
e ik En)xlue iy —E)ran

/ et dt = lim [ e it = Jim ——
0 e—0 Jo e—0 g — 7¢

Vo < 07 |A(0)x] 1} >< 1F[A(0),]0F >
9/10/2010 Mer =3, E. —FE +A 39
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Double beta decay Is a two-body process

H = one — body + two — body, A.(0) = one-body

a0 = Y LTI, A40)). )
n=>0 -
n=0 [H©A] [1]
LN
w=1 [HO,A] ) 2
oo LN
n=2 [HO,4] 1)  [IB
N AV AN
w3 [(HO.4) 1) @ B [

I'f H = one-body op. = A (t) is one-body op.

9/10/2010 Fedor Simkovic



A2 - 2 Ip; T
M1 -dependence of Mér = . é ; 3 (=1) eI x
TR, fan pnp'rﬂ"
the 2vBp-decay NME

Jp Jn
V297 +14¢ ° . X
j { In' Jp’ j }
My = / C*" (r)dr (p(1), P21 T | o(1) - 0(2) || n(1),'(2): T) x
(07 |l[e sfnw]JHJTR ) (S kg | T ki) (T kgl |[c; ¢l [|0F)

:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:

- 6 -

0.03E — 7 Ge f

: — Mo

- __ 130 ]

0.02 le —

o F :
& - .
o 001| —
_001 EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIE
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On the relation between
Ovpf-decay and 2vpf-decay (GT) NMEs

F.S., Vogel, Hodak, Faessler, to be submitted

1 My MY
M = Mg, (1+ 3 ; )
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The

give B(GT#) for g#*and g, product of the amplitudes

cross sections of (t,3He) and (d,?He) reactions

(B(GT)¥?) entering the numerator of M2V,

o
(=)
IS

o
o
)

o
o
N

N ® (=]
o o©o oo —

Y
o

do/dQdEx[cts/sr 10 kev] do/dQdEy (mb/sr/50 keV)

o 1 2 3 a8l (15£01)x102a

m Q,ﬂfﬁ'/g + me + E;t_-(l,;;) — ED

5_ msatwerss 3| 0.16 0.04 MeV-1

AE 120 keV

with

76Ge(3He,t) 6As

1 | 2V[33-matrix element

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

sz 4| 2vBB - half-life

RCNP 08

(1.1%0.2)x 1021 a

=

recommended. exp. value:

I Grewe, ...Frekers at al, PRC 78, 044301 (2008) <0ViC

e,
a7 DGT
L 10
-
v
. o
(Z A i+ A) (Z+2,A)
Closure 2vff-decay

NME

M2, = Z M) (m) M5 (m)

SSD hypothesis
3D
Jfteefts

43

2 ag2v L
g4 *‘”{':';'—c--a‘ —



Going to relative coordinates:

5”51 I'—cl —/ Céf}—cz )dr

r- relative distance
of two nucleons

qkoElIIIIIIII|I||I|||II|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII£

g 7%, 3

E - Gﬁ =

l6§_ 32 —§
= — %zu 3

_ g — "Mo 3
~ 08F 3
¥ E 3
= E 3
a 9 o4aF 3
0.0F =
04F =
So@EHEHITI e | i A
1.6; — "cq E

c — Pre 3

12 — e 3

E — 136 3

™ g Xe 3
— 08E =
? = 3
= E 3
& O o04E =
0.0E -
04F =
_08§|IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII§

“0 2 4 6 8 10 12 14

r [fm]

A connection between closure
2vppand 0vBBGT NMEs

v = [ 101t

Neutrino potential

= R— / J"D G"-’" g+ Ef}- ws(qz)gHDI'(qz)d’"

TTTTTTTT[TTTT [T TTT[TTTT[TTTT IIIIIllll'lll]lllIllllll]llllllllll]

— justR/r

— with fns

= with fns, hot

— with fns, hot, E=8 MeV

|
0 1 2 3 4 5 6 7 8 9

r [fm]
Neutrino potential prefer short distances



Phenomenological estimation of M%;

SSD ChER
Nucleus T, " [y] [gAMar =" 1gaM&r_al |g3M™ 7] |ME| IME_g| [ M
[years| [MeV 1] [MeV 1]
BCa  44x 100  0.0735 - - 0.083 0.355 3.19
e 1.5 x 102! 0.219 - - 0.159 0.840 8.80
A 2.3 x 101 0.145 - - - 0.357 1.04
000fo 7.1 x 108 0.373 0.564 6.47 - - -
U6Cd 2.8 x 101 0.203 0.562 6.78 0.064 0.491 5.92
Neutrino potential Mg, = Hep(r=0) M,
2 o0 { : : fly
H(r) =R~ | jolgr)——=fins(a")guor(q®)dr f F(r)Cap—alr)dr
T Jo q + E
_ J.-I‘l‘fgi;_ph 1Hr'|:|!/ rest
with Taylor expansion A: Phenomen. B: Need to be
_ | ) prediction: calculated
jﬂ(qr) = 1- E(qr) + m(qr) -t Too |arge Not
= 1—F(r) (~ factor 2) negligable

0
9/10/2010 There is no proportionality between M%;+and M?Vr i



C I Osu re 2 Vﬂﬂ GT N M E %Gc, 23 levels model space, Argonne pot.

ﬂ.03EIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII£

= J'

0.02 =

The only non-zero contribution = oolE E
from J=1* wE

& o E .

U 0.00F — — =

Y — - ]

Mer—a = 001 =

Y, < 0f|rtGJ",m > - < J7,m|r7G|0f > - E
J™m {).03;'IHHHIHHHHIIHHHIHIIHHHHIHIHHHIHHHIHIHHIH';
= < 07|77 a1, m > < 17, m|77a|0] > - J 3
- 0.02 E
= 0.015— —i

g,, 4?5% é é

T Z[ C&p_yn(r)dr 000 E

001E E

DU‘)§|IIIIIIII|IIIIIIIII|IIIIIIIII|IIIIII IIIIIII|IIIIIIIII|IIIIIIIII§

o 2 4 6 § 10 12 14

r [fm]
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Ovsr depends weakly on g,/g,,

and QRPA approach unlike M2V

Nucleon  Nuclear physics

+—> < >
2.0:| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII | IIIIIIIII | IIIIIIII I:
: 76 =
LSE G =
~ e
= Lof =
o E 3
£ =
A 0sE =
5.0 FHHHHHTHHHHHHHHHEHHHHHHHHHHHHHTHHHHE
40F E
~
= 30F
T OE
= =
5202.03— =
————— QRPA (WS)
LoE ———— RQRPA(WS)
“E ————— SRQRPA (WS) 3
E SRQRPA (AWS) J
0,0 B4 i L Lt Y Lt Lt ]
o 2 4 6 8 10 12 14
ro[fm]

Different QRPA-like approches

Mgi(ro) = [ HE(r)CG-alr)dr

Nucleon  Nuclear physics
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Co-existence of few mechanisms
of the OvpS-decay

It may happen that in year 201? (or 2??7?) the O vfS-decay
will be detected for 2-3 or more isotopes ...

Fedor Simkovic
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Co-existence of 2, 3 or more mechanisms of the 0vgf-decay

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

1 m
¥() 33 e i Ops 2
W—( V(‘r‘[! J) "ij +”"~. 1“!1 +”1\||IAIA:;|| |
/2 m,
I L 12 Mp Ta, Aj m [ Mg 2-|2
/S ' Lo T T R .
mos = (UR) Gome ok = 3 WP € g = St (G
6
m
My = Y, URkl* & -7
N — ﬂ'{k
LR . . .
Clai f evid . Klapdor-Kleingrothaus, Krivosheina,
alm or eviaence: Mod. Phys. A 21, 1547 (2009)

TP, (9Ce) = 2.23404 x 107 y

dRﬁ ,%111 L, | TEE(JW}IU) > 5.8 x 1023 v &-’Te <12
ur, u A0 (130 24
| L : , ) > 3. <
> Weintroduce Tij("Te) > 3.0 x 10% g'))"on
g
| > =0, non-observation (T
~ i uy, N |41'rff|1,f Tl Gl g_ . . ( 2_)00)
i {= = &=1, solution for single active mech.
AU IMF|VT GorS ™ g reproduced



4 sets of two linear eq. 2 different solutions

+1 Mmas - | = Me MY M
N s Merl = My T Gy (MY MY — MY M)
1 b Me s 1y Ay g = vl vy
j:-]- Mpgga 1 _'Fllf'f-y *,TI"I"'T
— - J.;I‘ln":fv —|_ J.;I‘lr.lr?} :|: c 2 1
VL Gy m, 2 My/T, Gy (My Mg — My M)

2 active mechanisms CP-conservation assumed

of the Ovpp-decay: M A SERRBARRS :
Light and heavy : -
»-mass mechanism
— LE
> C
L,
Non-observation of  —
the Ovpp-decay for some £
isotopes might be O e (excluded) 3
In agreement with e e comton .
Mﬁﬁ In SUb eV reglon 7Ge-""Te (solution 2)
: 00hg og IIIIIIIII T — LII
¢ Non-observation g e Single solution
for 130Te ~ for light v-mass mech.



3 active mechanisms

?.ﬂ N TTTTITTTTTTITITT T T T T I T T I T IIT ITIT T TITTTITITTTTITITITH

of the OvpS-decay | i

6.0 =

50 _i

+1 m, > =
— Aa 1{” + ]r?-.vf'rf + ?}'_}t.rfl,f L 40 L _%
]:; Gi m, ey excluded E
1=1,2,3 e, 3.0 E

= 20f _é

assuming evidence L0 E

— B . 0.0 PSSR FERTINITEI [RITRTINIy ANNIRTIOS (AT NPT FORYOOIE:

TM( ”(ff*] = 2.231“3:;1‘ x 10%° y | | ! ! ! !
4.'[];— _;

current limits Ere<1.2 > b E
Emo < :&

2.6 a ., — lstsolution (+++) E

= 20F  —— 2nd solution (++) e“l“dfd E

— E ——— 3rd solution (++) 3

1_{|§— = 4th solution (+--) 3

ﬂﬂ":[IIIIIIII|IIIIIIIIIiII|||1'n-|-h-H-'-'-"'ll"" .!|||||IIIIIIII IIIII|IIIIIIII;

Y0 02 04 06 08 1 12 14 16
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Conclusions

Ovpp-decay NMEs: Significant progress achieved. Factor 2 difference (2005:
factor 5). Better understanding of uncertainties. A connection to the 2 vgf#-decay
established. There is a need for supporting experiments: i) p and n removing
transfer reactions (mean field); ii) Charge-changing reaction experiments (8-
and B* strengths); iii) 2 vBF-decay experiments; iv) Experiments to re-measure
nuclear deformation needed

Co-existence of different mechanisms: The non-observation of the Ovgp-decay
for some isotopes could be in agreement with a value of m s in sub eV region.
Thus, it is important to have at least two different OvBf-decay

experiments for a given nucleus.
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