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Some notes about 2 vgB-decay (NMEs)

Both 2vgB and Ovfp operators connect the same states.
Both change two neutrons into two protons.

Explaining 2vBf#-decay is necessary but not sufficient

There is no reliable calculation of the 2 v83-decay NMEs

Calculation via intermediate nuclear states: QRPA (sensitivity to pp-int.)
ISM (quenching, truncation of model space, spin-orbit partners)

Calculation via closure NME: IBM, PHFB

No calculation: EDF
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Continuum states

2vpp-decay
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Single State Dominance ( 1Mo, 1%°Cd,"1¢Cd, *3Te ...)
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SSD — theoretical studies
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2vp~B—decay SSD differential characteristics 2vEC/B*—decay
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100Mo 2B2v: Experimental Study of SSD Hypothesis

: Single electron spectrum different
NEMO 3 between SSD and HSD
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2vpBp-decay rate
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2vpB-decay within the field theory
F.S., G. Pantis, Phys. Atom. Nucl. 62 (1999) 585

Weak interaction Hamiltonian
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Integral representation of M
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Double beta decay is a two-body process

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

Aty =S @3“ T, A(0)]...]
n=>0 -
n=0 [H®A] [1]
LN
n=1 [HW, Al [l 2]
oo LN
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N
n=3 [H® Al [l 2] [3] [4]

I'f H = one-body op. = A\(t) is one-body op.
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Operator Expansion Method and DBD NMEs

C.R. Ching, T.H. Ho, Commun. Theor. Phys. 10, 45 (1988); 11, 433 (1989); 11, 495 (1989)
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F. S., G. Pantis, Czech. J. Phys. B 48, 235 (1998); A. Faessler, F. S., J. Phys. G 24, 2139 (1998)
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Nuclear Hamiltonian Central and tensor nuclear interactions
1
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The DBD Nuclear Matrix Elements
and the SU(4) symmetry

Fedor Simkovic
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Suppression of the DBD NMEs and their
sensitivity to particle particle interaction strength

Suppression of the Two Neutrino Double Beta Decay by Nuclear Structure Effects
P. Vogel, M.R. Zirnbauer, PRL (1986) 3148

O. Civitarese, A. Faessler, T. Tomoda,
PLB 194 (1987) 11

E. Bender, K. Muto, H.V. Klapdor,
PLB 208 (1988) 53

The isospin is known to be a
good approximation in nuclei

i l

In heavy nuclei the SU(4) symmetry 0 0.4 0.6 1:2 1.6 2.0
is strongly broken q'PP/q""
by the spin-orbit splitting.
5/11/2016 Fedor Simkovic 18
What is beyond this behavior? Is it an artifact of the QRPA?
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Conserves SU(4) symmetry

s.p. mean-field

AL (0. M)A 1 (0. M7) + Y Al ((Ms.0)Ay0()

Ms=-1,0,1

+gpn Y By Eay
a.b

Ho
+(Gpair — 970 > AL (M5, 0)A10(Ms,0) + (gpair — 921 Af 1(0,0)40,1(0,0).  Hy violates SU(4)
Ms=-1,0,1 _ symmetry

Hj

goair- Strength of isovector like nucleon pairing (L=0, S=0, T=1, M;=+1)
g, -strength of isovector spin-0 pairing (L=0, S=0, T=1, M;=0
g,  -strength of isoscalar spin-1 pairing (L=0, S=1, T=0)
€on strength of particle-hole force

48 Ipair — QT 1
Mg and Mg do not depend onthe  J/2” = — ( P PP )

mean-field part of H and are (OYpair + '3913?1) (10gpair + 69pn)
governed by a weak violation
fth by th 144y /5 (Ipair — 9pp )
of the SU(4) symmetry by the 1 Igy _ 5 Ipair — 9pp
particle-particle interaction of H =~ 5Gpair + 9ok | (10Gpair + 200,1)
4 Qgph (gpaéﬁ ggp 1)
5/11/2016 (1093:-.:11?-- + Qngh) (J'[]gpﬂi’i" + Gﬂph)

D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015)



E, [MeV]

Energies of excited states for the case of conserved SU(4) symmetry
M;=0, M =0 (see SU(4) multiplets)
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M1 up to the second order of perturbation theory due
to violation of the SU(4) symmetry by the particle-particle interaction of H
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Results confirm dependence of My and Mgron g, 7™ and g ,™=' by the QRPA
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Isospin restoration



By assuming a fixed violation of the SU(4) symmetry by particle-particle int.
Mt decreases by increase of isospin of the ground state
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A

of A=2 nuclei

OGT: E T]\-_O’k

k=1

T =My Transition Coefficients
a b 5 d
2 GT 3 5 —59/15 44/5
Fermi 3 3 50/3 —59/5
4 GT 5 9 —64/35 39/5
4 Fermi 3 3 401/35 —192/35
6 GT 7 13 —71/63 340/63
Fermi 7 3 482/63 —71/21
8 GT 9 17 —80/99 103/33
Fermi 9 3 469/99 —80/33
10 GT 11 21 —7/11 12/11
Fermi 11 3 26/11 —21/11
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QRPA for description of states of
multiphonon origin

A. Smetana, F.S., M. Macko, AIP Conf. Proc. 1686, 020022 (2015)
and to be submitted

MEDEX 2015 11/6/2015
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P~ transitions in the standard QRPA

Calculate what can be confronted with experiment.

25:|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||:
- standard QRPA =
- exp. via (p.n) reaction .
p-vin (pay reaction T :
- exp. via ("He,t) reaction .
-l — 1
5 :
A, I5E =
=/ .
— C 7
o~ F -
e l0F E
> . :
— — _ (JiPHOJ' ”Jﬂ) m , mo
sk (m,J—M | Bjp; | RPA) = ;W(Xpmjup\n — an;ppun)g
- (in 11 O 1l jp)

(m,JM | Bjy; | RPA) = Z (X;',’,,vau,, - Y;ﬂ:ﬂrprn).

o V241
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* low-lying states are expected
to be important for 2vpp decay
* we need improvement in this region 11/6/2015 28



Limitations of the standard QRPA

We want to fix the following limitations of the standard QRPA:

1. Due to the QBA Pauli principle is broken and the QRPA
colapses for the higher values of coupling parameters,
which might be of physical interest.

2. Excited states of multi-phonon structure are neglected.

Only the linear terms in phonon operator are considered.

MEDEX 2015 11/6/2015
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Schematic model

Use exactly solvable model to test your ideas.
We demonstrate the insufficiency of the multi-phonon approx.
by comparison with the exact solution.

pn—Lipkin model has the structure of the realistic hamiltonian.

N, + N,
single J-shell with semidegeneracy Q=_2 _|2_ L
HF — EC _|_ llATA _I_ 11/2 {ATAT _I_AA) C = Zf.fj;rn{fp;” —|_ fo;nrifp,”._
m m
AT = [uLumJ:O,
AL = Q[X,(ugvi + vﬁui) - &’(ugui + fugvi)]
A2 = 2(x' + K )upvptinvn

K/ parametrizes particle-particle and psxllmetrizes particle-hole interactions

MEDEX 2015 11/6/2015
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Schematic model — exact solution

The even and odd states do not mix!

basis of states:

20
| H) — Z Chn' | ”F>

H"=?

(A7)"
n — 0 0<n<2Q
) == 0)

odd and even eigenstates:

| 25) = (CQ.O.(.’}_O.(‘;;.O. C.S.O._(?g._ﬂ.(‘]o)
| 20 + ]> = (0._(‘].O.C3.0._(.‘5._0.(‘7.0.C9.0)

MEDEX 2015

Results are obtained from diagonalization of Hamiltonian.

11/6/2015
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Schematic model — energy spectrum

Hp = eC+ MATA £ ao(ATAT +44) AL o — (9: 4 A\)B'B + M\(B'B' + BB)
exact Fermion model vs exact QBA model (QT) "
vs multi-phonon approximation |n> ~ |RPA>

20K

._.
w
I

* multi-phonon approach gives poor
agreement for higher excited states
* standard QRPA is built for the first

MEDEX excited state only 1/6/2015 32
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Schematic model — f3- transitions

The multi-phonon approximation cannot reproduce the exact solution!

2 | ' | |
1.5 _
(2i|3710) -7
~ | (Z+1]87]0) # O
-
o 1+
= /
~ zero in multi-phonon approx. \"5\ 4
| &0// _|
A
0.5+ Y/ |
non-negligible contribution in P
the physical region 7
‘ p o ro B - =
0 _L__--—l""_--_L Al e — " |#
0 0.5 | 1.5 2
K [MeV]
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Idea of nonlinear phonon operator

Desired first goal: the first and higher excited states described by single QRPA equation

We introduce non-linear phonon operator: QBA
I = X"B'-Y"B+ X7"B'B'B' — Y;"BBH|
Q=% |RPA).

state of 3 phonon (lin. op.) origin

Q=Y|RPA)"

MEDEX 2( ) 34



QRPA with non-linear phonon operator

The QRPA equation:
A Az B Bis X" Urr Uis 0 0 X"
Az1 Azz Bz1  Bass X" | _pm | Ust Uss 0O 0 X3
Bii Bs1 A Ais Y 0 0 U —Us i
Biz Bsz Asz1  Ass Y3 0 0 —Us1 —Uss Y
Even in QBA approximation the norm
The RPA vacuum gets very complicated!!! matrix has not the standard form.
[RPA) = N') " az,(B"B)"(0)
the first 4 terms in the expansion of the RPA vacuum: _,4’ B , U o as, a4, Qg

w1 e (X XY™ — 6XT XY™ + 5X Yy m)
CTE T (XX mX™ 4 8X XY — 60X XY
(X" XTYE" 4+ X7 Yy — 20X YY) L (6XT" YY" — 24 X5 VY™ + VYY)

1
S (X' XT'XT + 8XPP XY™ — 60XP XY ) 07 BB (XPXPX] + 8X{PXTY™ — 60X XY

as ==

Need for further approximations and for

constructing a closed iterative procedure.
MEDEX 2013 = I 35




QRPA with non-linear phonon operator

In every step of iteration we do:

convert the norm matrix to its standar form...

U 0 . 1/2 1 0 1/2m—1
(O_U)—OA (0_]1)/\ O

...obtaining the parameters: its rotational angle & eigenvalues

which are used to ,,rotate* the system into the standard QRPA form
A BY(X"Y _ (1 0 \(Xn
B A ym - 0 -1 ym

A B
—-1/2m—1 —1/2 1/2 mn—1
o (4 3o wio

MEDEX 2015 11/6/2015
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QRPA with non-linear phonon operator

...and we ,linearize* the procedure

introducing F-operators to write the phonon operator in its ,,linear* form:

where: - |
Fl' = —— (Bfcoso0 + B'B'Bfsin0), F, = —— (Bcos0+ BBBsin
SN ) B )
1 1
F] = —— (—Bfsin0+ B'B'Bfcos#),  F;=-— (—Bsinf+ BBBcosb)
3 /)\3 ( ) /)\3

[Fy,F)] ~ (RPA|[F,, F|]|RPA) = 1,
i BA
WSS OB 5 B) ~ (RPA|IF FJ)| RPA) =0,
for F-operators
[F], F3] >~ <RPA|[F1, F3]|RPA> = 0,

|[Fs, Fy] ~ (RPA|[F;, Fj]|RPA) =1,
[F3, Fl] ~ (RPA|[F3, F]]|RPA) = 0,
[F}, Fi] ~ (RPA||F], Fj]|RPA) = 0.
it allows us to construct standard-like RPA vacuum:

IRPA)

N ez 2ij dingFﬂBCS)
~ N (14 a2B'B" + ay(B'B")* + as(B'B)?)

MEDEX 2015
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QRPA with non-linear phonon operator

initial values

' 4

ITERATION PROCEDURE:
RPA vacuum
expansion
a2, A4, 4g
wlinearized*“ RPA vacuum
— — > S —1
( di1  dis ) ( 1_/11 5_/12 ) ( 3511 )fli ) QRPA eq‘n
d d Y Y- X X
31 @33 3 3 3 3 A, B, U
solving QRPA
X ) Y? L standardize QRPA
A, B, 1

rotational param®s

Al/?j O

amplitudes and energies
if the iteration converges
11/6/2015
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Results

* Energies of the first and the third excited states
6

— (QRPA with NLPO

e standard MPM
— diagonalization of Hy

rh

E [MeV]

-2

—

0.2 0.4 0.6 0.8 1 1.2
K’ [MeV]
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Results

* beta transition operators

20 _IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII TTTTTTTTTITTITTTITT

Ju—
o0

[a—
(@)

<m| |0>

/|||||||||||

._.
.

—
2

-
]

-
]

>
N

<m|B’[0>

|
<
N

m=1 =
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIII
l.

02 04 06 08 1
K’ [MeV]

[
=

<

2

MEDEX 2015

0.8

0.6

0.4

0.2

0.0

0.3

0.2

0.1

0.0

=

diagonalization of H_

standard QRPA

m=3
— diagonalization of Hy,
—— QRPA with NLPO

0 02 04 06 038 1 1.2

K’ [MeV]
11/6/2015
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5/11/2016

Is there a scaling factor
between Ovpf and 2 vfifF-decay NMES?

Fedor Simkovic
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P

NME

F. S., Nucl.Part.Phys.Proc. 265-266 (2015) 19-24
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How many Ovgf-decay NMEs
have to be calculated?

M;, Mg My ...

9

Fedor Simkovic
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The 0vpp-decay with emission of
electrons in s;,, and p,,, wave state

D. Stefanik, R. Dvornicky, F.S., Nuclear Theory 33 (2014) 115

(¢ Exact relativ.
\ electron w.f.

Higher order terms
of nucleon current
with nucleon recoil

5112016 D, 44




2
OvpBp-decay rate { Ovf3 ﬁ} -1 B |m.35| L o (A NI
With p1/2 electrons T]-fz o _”_e._g gx‘f.'t (ZRE {J[SJ[T } CTS'T‘

(2 additional NMEs + 2Re ﬂfsﬂf;} Gsp, + 2Re {ﬂ[,,., ﬂf;} Grp

and 5 phase-space
factors) _|_ G ﬂ[r|2 + Gpp ﬂ[p‘z) ;
VP Mar 4+ My Mrorr =) (Olhrera(r-)OF.grT[0)
glq r.s
Jf};' - 7/ - ' VK
=~ T Mor + My + My + Mg + M,
A

_ hav(r—)+nh r_ .
My =i (0] v ;RQ VPU=) tte xry) -, [0)

r.s

/ r_ 2 _ r -
Mg arr = Z O|hrperT(r-)OFrgT T (l |4R2 + )
_— T-?I-AP(?"—) +haa(r—)+ haar(r—)

My = Z (0| e

.8

X T (@ 1o) (@, 1) |0)

(Or +Og7)r_ -1y
21?2

M)y = (0] ha(r-)

T,Ss

10)

S 0] (hg(r—) + Hy(r_)) OF — 2hp(r_)Ogr |0) i

r.s



BCa  ™Ce *2Se B7r Mo  1OPd

Qps [MeV] 4.27226 2.03904 2.99512 3.35037 3.03440 2.01785

Jes [107%yr™1] 24834, 2368.1 10 176. 20 621. 15 953. 4 828.5

Jer [10718yr~1] —4 138.3 —529.26 —2 499.4 —5 929.3 —4 738.2 —1 504.8

See [L07 By 690.26 118.37  614.25 1 705.7 1407.9  469.16

Yep [107 %y~ —171.01 —29.513 —152.98 —424.86 —350.88 —117.07

Sep [107¥yr™1] 28553 6.6047  37.619 12229 104.31  36.518

Spp [107yr™1] 11824 0.36878  2.3055 87718  7.7325  2.8437

llﬁcjd 124811 1SDTE lSGXE 150Nd

Calculated phase-space 2.8135 2.28697 2.52697 2.45783 3.37138
factors for Ovpf-decay

with emission of s, and p,, 16 734.  9063.5 14255, 14 619. 63 163.

electrons —5H 5H69.5 =3 082.8 =5 071.1 =5 385.7 —26 409.

(mgg mechanism) 1 854.5 1049.0 1804.7 1984.9 11 045.

—462.44 —261.74 —450.22 —495.23 —2 754.1

154.05  89.101  160.29  182.59 1 152.3

1172016 12.802 75711 14.242  16.803  120.25




WBa e 328e 297r 1900\ MOPq MOCd *4sn

r = 1 fm
2hr(r)/her(r) 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04
A[%)] 0.31 0.55 0.93 1.81 2.03 2.44 4.22 3.24
r = 2 fm
2hr(r)/her(r) 0.71 0.07 0.06 0.06 0.06 0.06 0.06 0.06
A[%)] 1.19 0.46 0.20 0.60 0.82 1.21 3.60 1.95
(| Sy snanans nARARARARA RARRAARASN RANSARSRANRARAARARE

IBDTE' IBGXE 15{]*\]{:1

10
X 0.04 0.04 0.03
i
=10 3.70 4.10 5.74
= f(r)=h (/g

f(r)=h, (1)

10° - B | ]
o . 0.06 0.05 0.05
b _
10-4 . | L | f(l‘)th(r) o | 2.3? 27-5 4;2?
0 2 [ 8 10

6
r [fm] Effect of p,, wave is below 10%.



Understanding of the 2vbb-decay
IS the key for reliable calculation
of 0vbb-decay NMEs

QRPA, RQRPA

EDF, PHFB

IBM, ISM ¢

5/11/2016
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