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Nuclear double beta decays
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* Ov BpB-decay -

Ov Bp decay
PY Ym X .
@_ 18‘3; - | * Neutrino Mass
. n WS p © * Lepton number conservation
X - ,.5Y + 2e” Ty, > 10%%yr -
Z+ 1/2 y Avignone, et al., RMP 80, 481(2008)

GERDA Collaboration, Phys. Rev. Lett. 125, 252502 (2020)

e 2v BB-decay e

€
M. G. Mayer, Phys. Rev. 48, 512 (1935) :VL‘11< * Experimentally observed
2v Bp decay v

* Benchmark nuclear models for
g‘? gg? + ®

electron antineutring

=
geo)
5\
¢ <|

further study of Ov BB-decay

second order process

ZX - Z+2Y + 28 + Zve T1/2~1018_24yr

A.S. Barabash, Phys. Rev. C 81, 035501 (2010)



Candidate nuclei for BB-decay

* BPB-decay candidates:

v’ even-even nucleus (Z,A)

v’ pairing forces make it more bound
than its (Z+1, A) neighbor, but less so
than the (Z+2,A) nuclide.
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7n Ga Ge As Se Br Kr Rb

< TP IEREESLY > B R+t (2020)

Haxton, PPNP 12, 409 (1984)

B~ B~ transition

B~ 3~ transition
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148Nd = 1485m
1_50Nd —% 1508m
154Sm — 154Gd
IGOGd =% 160Dy
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Nuclear Matrix Element (NME) of 2v BB decay

* 2v BB decay half-life and NMEs
[T25]7 = 62 ghmE|’

v' G*Y (Qpp, Z): phase space factor

kinetics calculation
J. Suhonen and O. Civitarese, Phys. Rep. 300, 123(1998)

J. Kotila and F. lachello, Phys. Rev. C 85, 034316 (2012)
S. Stoica and M. Mirea, Phys. Rev. C 88, 037303(2013)

" majority nuclei: <1%
m 9671 100Mo 116Cd: ~ 4%-6%

A. S. Barabash, Phys. Rev. C 81, 035501 (2010)
A. S. Barabash, Nucl. Phys. A 935, 52 (2015)

v" Nuclear Matrix Element (NME)

Lowest-order transition operators:
Fermi: forbidden by isospin conservation

Gamow-Teller (GT): allowed

M= 3 (Y ||OGr||¥ng) (g PN, ) (N, || Ogr|[x)

ST E% + My — (Mg + Mg:)/2

“Experimental” NMEs

TABLE II. Half-life and nuclear matrix element values for two-
neutrino double-g decay (see Sec. IV).

Isotope

T12(2v) (years)

2
M-

8Ca

7(»Gc

82Ge

N7Zx

”K)MO
1Mo-""Ru(0;)
ll(de

IZ}\'Tc

I.‘()Tc

lﬁ()Nd
SONd-1Sm(0;)
NHLI

130Ba; ECEC(2v)

44755 x 10"
(1.5£0.1) x 10*

(0.92+0.07) x 10*

(2.3£0.2) x 10"
(7.1 +£0.4) x 10"
59108 » 102
(2.8+0.2) x 107
(1.940.4) x 10*
(6.8717) x 10®
(8.24+0.9) x 10"
133108252 102
(2.0 £ 0.6) x 10*
(2.240.5) x 10*

D3RRI
0.071673%%
0.0503+09020
0.049] +00028
01258001
0.1017+09056
0.0695+0.9025
0.0249+0%%51
0.0175+00016
0.032009018
0.02500%020
0.0271+9903
0.10545318

A. S. Barabash, Phys. Rev. C 81, 035501 (2010)
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Nuclear Models for 2vBpB-decay

1 Theoretical model in 2vpp:

v Shell Model
E. Caurier, F. Nowacki, and A. Poves, Phys. Lett. B 711, 62 (2012)

R. A. Senkov and M. Horoi, Phys. Rev. C 90, 051301R (2014)

B. A. Brown, D. L. Fang, and M. Horoi, Phys. Rev. C 92, 041301 (2015)
H.-T. Li, and Z.-Z. Ren, Phys. Rev. C 96, 065503 (2017)

v’ QRPA
J. Suhonen and O. Civitarese, Phys. Rep. 300, 123 (1998)
A. Faessler and F. Simkovic, J. Phys. G 24, 2139 (1998)
R. Alvarez-Rodriguez, P. Sarriguren, et al. Phys. Rev. C 70, 064309 (2004)
M. T. Mustonen and J. Engel, Phys. Rev. C 87, 064302 (2013)

v Projected HFB
B. M. Dixit, P. K. Rath, and P. K. Raina, Phys. Rev. C 65, 034311 (2002)
R. Chandra, J. Singh, et al., Eur. Phys. J. A 23, 223 (2005)
*Angular momentum projection for deformation
v’ Interacting Boson Model
J. Barea, J. Kotila, F. lachello, Phys. Rev. C 91, 034304 (2015)



Quasiparticle Random Phase Approximation (QRPA)

QRPA: widely used for the description of spin-isospin excitations

* The RPA excited state is generated by

== ==
= E X' .al ai — E Ym,a Hi = =
mi mi <_ + % + .
v Full 1p1h configuration space = % %
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RPA
v No closure approximation when
calculating NME of 2vf3f3 p—
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Quasiparticle Random Phase Approximation (QRPA)

* Self-consistent QRPA approach:
the same interaction is used for ground state and excited states calculation

OEnp inj 2
_ Y"HF minj _  6°EgFr _
M S e = Soaspny W Bar =< @[ Ha| 0

v’ Successful applications in B-decay and electron-capture calculations:

« B-decay based on relativistic density * Electron capture based on Skyrme

functional density functional
Fantina, et al., PRC 86, 035805 (2012)
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v B-decay half-lives for 5409 nuclei v’ Electron capture rates
v’ self-consistent v' self-consistent

v" Similar accuracy as FRDM+QRPA v' Good agreement with shell model



Quasiparticle Random Phase Approximation (QRPA)

* NME of 2vf3f studied by Skyrme QRPA

v Deformation effect on the NME
P. Sarriguren, Phys. Rev. C 86, 034335 (2012)
D. N. Nicolas and P. Sarriguren, Phys. Rev. C 91, 024317 (2015)

v" Single- and low-lying-states dominance hypotheses (SSDH/LLDH)
O. Moreno, et al., J. Phys. G 36, 015106 (2009)
P. Sarriguren, O. Moreno, and E.Moya de Guerra, Adv. HEP (2016)

v’ Attempt to remove the uncertainty of g, and the strength of IS pairing

J. Terasaki, and Y. Iwata, Phys. Rev. C 100, 034325 (2019)

 NME of 2vpp studied by Relativistic QRPA

v" RMF-BCS+RQRPA with parameter set NL1:
only NME values for 6 nuclei are reported

Conti, Krmptoic and Carlson, Proceedings of Science, XXXIV BWNP 126 (2011)



2vBB: SSDH/LLDH

Single- and low-lying-states dominance hypotheses (SSDH/LLDH):

The decay rate of the two-neutrino 2vBB decay to the final ground

state is determined by virtual single-B-decay transitions via the ground

state/low-lying states of the intermediate nucleus. | Abad, et al,, Ann. Fis. A 80, 9 (1984)

N\ 1 +(N) 1 A- i
ssDH:  as2v n (03 110Grl11g5"") (1gs (| Ogr|05")
ik My — (M; + Mjy)/2

(N N)
LLDH: (082711051115 (1A ™ 1O 10847
. AIQTN Z * (V)
ne{LL} ExN) 4 My — (M; + My)/2

v" Avoid the tremendous summation.

v" Directly calculate the NME from the S~ or EC experimental data.
H. Akimune, et al., Phys. Lett. B 394, 23 (1997)

LBNL collaboration calculate the 2vBp half-life of 1°°Mo(g.s.) ->
100Ru(g.s.) with the EC of 199Tc -> 190Mo and the ™ of 100Tc -> 100Ry,
They get (9.7 + 4.9)x1018 yr. [(7.1 + 0.4)x10"® yr, Barabash2010]

A. Garcia, et al., Phys. Rev. C47, 2910 (1993)
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2vBB: SSDH/LLDH

* Mechanism of SSDH/LLDH:

1. only g.s. or low-lying state(s) H.Nakada, T. Seba, and K. Muto, Nucl. Phys. A 607, 235 (1996)
H. Ejiri and H. Toki, J. Phys. Soc. Japan 65, 7 (1996)

2. cancellation between higher lying states
F. Simkovic, A. Smetana, and P. Vogel, Phys. Rev. C 98, 064325 (2018)

v" Shell model M. Horoi, S. Stoica, and B. A. Brown, Phys. Rev. C 75, 034303 (2007)
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2vBB: SSDH/LLDH

* Mechanism of SSDH/LLDH:

1. only g.s. or low-lying state(s) H.Nakada, T. Seba, and K. Muto, Nucl. Phys. A 607, 235 (1996)
H. Ejiri and H. Toki, J. Phys. Soc. Japan 65, 7 (1996)

2. cancellation between higher lying states
F. Simkovic, A. Smetana, and P. Vogel, Phys. Rev. C 98, 064325 (2018)

\/ Spherlcal and deformed QRPA D. L. Fang, et al., Phys. Rev. C 81, 037303 (2010)

“Ge(B,=0) —->""Se(B,~0) "Ge(B,=0.1) —>"°Se(B,=0.16)
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*Expt: M&Y = 0.14 MeV ™1



2vBB: SSDH/LLDH

* Mechanism of SSDH/LLDH:

1. only g.s. or low-lying state(s) H.Nakada, T. Seba, and K. Muto, Nucl. Phys. A 607, 235 (1996)
H. Ejiri and H. Toki, J. Phys. Soc. Japan 65, 7 (1996)

2. cancellation between higher lying states
F. Simkovic, A. Smetana, and P. Vogel, Phys. Rev. C 98, 064325 (2018)

v" A natural question:

Why do the high-lying states give

Negative contribution 3
from higher lying states =

negative contributions such that the >§o,|5§

SSDH/LLDH is valid? = 0.10f
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Aim of this work

e Within the framework of HFB + QRPA based on Skyrme density functional

v" To calculate the NMEs of 2vBp systematically

v" To study the dependence of isoscalar pairing strength, and determine the
proper values by comparing with exp. data

v" To reveal the mechanism of SSDH/LLDH by understanding the cancellation
from higher lying states

* Within the framework of RHB + QRPA based on relativistic density functional

v" To calculate the NMEs of 2vBp systematically for the first time
v" To study the dependence of isoscalar pairing strength, and determine the

proper values by comparing with exp. data

14
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Formalism: QRPA

* Charge exchange QRPA in canonical basis

nJ J - T
A B X o X" N T+ l_
—B% —A¥* ynd ynJ U
- X term Y term
A i = (Hyp g + Hyrgr Ot
= [(ulul/uk/uk + vop v o) (U |V kE")EP l, k for proton

} l', k' for neutron
+ (wvp vy + wpvveu ) (K| V |1 k)5

By kk = — (upugrvjop + ulul/vkvk/)<ll’|V|kk’>§p

+ (wpwyr v v + uk/uwkvl/)(lk'|V|l'k)§h * B = 0 for QTDA

v Transition amplitude:

(nJ[|07110) = 3 = GpllO i) X0 vty + Vi vyt

pn

(nJ|OF[0) =) (=)2 49t (G |OF||dp) (X ) vptin + Yot vn i)
pn



Formalism: Isoscalar pairing

* lIsoscalar pairing

1. No experimental constraint on isoscalar pairing

2. Important for B(GT ™), B-decay half-lives and M&¥.

M. K. Cheoun, et al., Nucl. Phys A 561, 74 (1993) C. L. Bai, et al., Phys. Rev. C 90, 054335 (2014)
Y. E. Niu, et al., Phys. Lett. B 780, 325 (2018)

VEP (11, 7p) = (tf) + gSPA/,(RO o(r1 —73)

(ab|VPP(1 — P.P,P;)|cd)

1+ P,
2

=(T =0,8 = 1|V*? T=0,8=1) (IS)

1— P,
+{(T =1,8 =0|V*P = T =1,5=0) (IV)
; By ot oW1 P & 3+ 00 ,
ViLo(ri,ra) =<t6 + é/ﬂ (%)) d(ry — 7’2)f18(+02 (fis is free)

; ’ t/ o T1+T2 1_0.1_0_2
Viti(r1,m2) = ("'O + gjfﬁ (T)) o(rL —T2)——
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Formalism: Overlap factor

* Overlap factor

|
1+ 1O= +(4) l

+(f)
AIZU L Z < ||OC:T||lI?f>< nfllm < ||OGT||08" > <1_|_ HO"+
GT — j\;’) ny GT
B, + My — (M5 + M;)/2

g.s. >

n..,;'n,f
|15.) and |1?{f) calculated from initial and final nucleus are not normal orthogonal.

< n g |1 > = Un;ny <HFBcan.leFBcan.i>

(HFBean. £ [HFBeani) = [ [ (uf’ug’ +0P0{))
k>0

n nf n ny
Aniny = E E Ckfk Ck’ 3 quk’ kpk's Yk ;L’kak’f)
kiki ks,

(() (f) ()(f))(() (f)

Uy, Uy, + v v (8] 5,4 )

uk, uk, —+ v k! vk,

Ckfkl.: overlap between s.p. wavefunctions



Formalism: Energy denominator

. ; , M; — M M; + M
* Energy denominator =g, + My + Tf —M;=E;™) + My - %
o+ + (1
- Z< il 1Ol Y, |10 [ Ogrl10557)
G =
ning E"(A) I AJN = (A[f T AIT)/2
oF(f +(2
(227110541 Yk, 1y n,nog 082

ning 9 [(Q' - )\,’mu + /\;)10) + (Qn “" nou )\1{10 )]

E A 3

«(N
En( )

Q;l A:lell + APIO Qf + Af | § Af

neu. pro.

Q: eigenvalue of QRPA

("lneu. _"lpro.) ; ;r

(Z,N)

("[neu. = "lpro,)

(Z+2,N-2)

1 5
E*(N) 9 ( [(97 o AI'lOu + )‘;’)ro ) (Qf + )‘Ljieu o )‘f ) (QA/IN — M; — ]\/[f)] )

n pro.



Outline

* 2v2[3 NME calculated by Skyrme QRPA
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Numerical details

B HFB:
1. Skyrme interaction: SkO’

2. Surface pairing, fit the experimental mean pairing gap
3. Diffuseness parameter of pairing window: 0.1 MeV

4. E.,+ = 80.0 MeV (Quasiparticle energy)

5. Jmax = 21/2

B QRPA:
1. Single-particle energy: &, < 60.0 MeV

2. [upvy| > 1073 and |u,v,| > 1074

m MEY

1. For each QRPA state, the ph configuration with [XZ, — Y%, | > 107 is considered.

21



NME of 2vBB

* Dependence of NME on isoscalar pairing strength

0.06 e 0.6 0.6
e 1 ost
005 ocasmus {1 @ - '\\ ¢ ———aa .,
= 0.04f “\_ 1 04 \ 1 %41 ~.
- \ 03f \ {1 03t b
w 0.03f L \
= \ 02} \ ] 02 A
zf [ | 1 oaf \ 0|—\
= 48 48pe 1 76 76 1 82 82
= 001F By 5 BT 1 0ot “Ge —» "“Se \A 1 00F¥Se » ¥Kr |
0.8 —————t— et ——t 1.0 [t ) R P |
. L 05}
0.6 ,./'"'. g 0.8 l—l—.—.'—.—._.—.—. " ‘- 1
= —u—a—a—a—a " > % 0.4}
Z 04 ’ 1 03} /1
al i -
= 0.4 [ 1 o2} e
= o2} 11 ok —u—s
a0 0.2F \ 3 K
96~ 9% 100 100 L 116+ 6o
= 0ol *Zr > *Mo 1 0o} "Moo — ""Ru |1 “rcd — "Sn
0.0 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14
0.6 —————T———————— 0.6 —————T——T————7—— 012 ———— ————
128 128 - 130- 130~ b 136 136
05F =mu, _ “Te—> "Xeq 05} Te > " Xeq g5t Xe — 7 Ba]
L T
— 04} { 04f =—w—mu | . b a
5 e 0.04f T .
(‘y 03 1 03f 1 [ b
N\ a
- i "] i ] 000f 1
ﬁ 0.2 \ 0.2 -\\
01k 4 é 3 E Ll
&% " 004 %
2 00f \ ] - ]
o T I S e . 0.0 0.2 04 06 08 L0 12 14
150 150, 3 s B o g o . "
0.6F -y Nd — " Smj £
0.5F ] Is
T 04f
E 03}
=02}
a8 0af ]
-
Z 0.0} \ 1

0.0 02 04 06 08 1.0 12 14 0.0 02 04 06 08 1.0 1.2 14
flS fIS

Exp. data from A. S. Barabash, Nucl. Phys. A 935, 52 (2015)



Running sum of NME

* Running sum of NME as a function of excitation energy of intermediate states

B =2 ([0 = N, + o) + (¥ + Mo, = Moo) = (@M = M; = My)])

pro. pro.
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Isoscalar pairing strength and SSDH/LLDH

Nucleus 48Ca % Ge 82Ge W7y 1000\ o
Expt. f\/fé'—’r (MeV—1) 10.046+0.004] 10.136=£0.007 |0.100£0.005) 0.097£0.005 ]0.223+0.006
Theo. ]\'I'é';'r (I\rI()V_l) 0.046 0.062 0.070 0.139 0.288
Theo. MZ.(SSD) (MeV—) 0.035 0.054 0.015 0.230 0.570
Theo. ]\fé’fr(LLD) (MeV—1) 0.036 0.125 0.098 0.234 0.407
fis 0.70 1.20 1.20 0.00 1.28
Nucleus 1160 1287, 130 T 136X o 150N 23877
Expt. M2% (MeV—1) [0.12740.004] | 0.056+0.007| [0.037+0.004 0.022+0.001 0.070+0.005 0.157+9:192
Theo. M2 (MeV™) 0.139 0.037 0.021 0.022 0.071 0.140
Theo. SSD <0.001 0.040 0.018 <0.001 0.156 0.177
Theo. LLD 0.096 0.102 0.116 0.007 0.156 0.177
fis 0.00 1.20 1.20 1.00 1.25 1.20

Exp. data from A. S. Barabash, Nucl. Phys. A 935, 52 (2015)

*ga = 1.273 is used to calculate the expt. MZY

The upper limit of energy of LLD is 5MeV, except for 82Se (2 states only).

v" SSD nuclei: 48Ca, 7°Ge, 128Te, 130Te, 238

v LLD nuclei: 82Se, 199Mp, 116Cd



SSDH mechanism: ground-state correlation

* Single-state dominance ’Te — **Xe fo=12
MEY [MeV] Expt. Theo. (All 1*)  Theo. (11)
126Te 0.056 0.037 0.040

* QRPA vs. QTDA
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S osf —=— QRPA - = - | : ——QRPA ]
I i S —e—QTDA 1 a5 o QTDA
SO 04k | - [ o
[ T ] = 0.4 F f=12 |
0.2 ‘\ -
0.0 - \ -
P M N S (O B L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 5 10 15 20 25 30
fls E[MeV] (relative to int. nucleus)

With the inclusion of ground-state correlation Y term:

v" NME is decreased.
v With the increase of f;g, NME decreases monotonously

v Negative contributions appear in 10.0-12.5MeV of int. nucleus at fc=1.2. .



SSDH mechanism: ground-state correlation

* Single-state dominance ’Te — **Xe fo=12
MEY [MeV] Expt. Theo. (All 1*)  Theo. (11)
126Te 0.056 0.037 0.040

* QRPA vs. QTDA
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SSDH mechanism: ground-state correlation

 How does ground-state correlation influence the NME?
I
. (025" 110G I11%,) (1, 1) {1, 110G r110857)

- + 11O 110+ ()
ot = (17, 110G 10gs7")
nin g En el + My — (‘[f + M; /2 " 5
30 T T T T | T T T T | L] T T T 1 .' T T v 2.2 [ T T T T T T T T T T T T T T | T T T T
2.0 I : 128 128y ]
25+ 18| b Xe—> 1 1
e — 16| t ---- QTDA A
T 20 F 5 - o !
S 14 X — QRPA
5 J R N
> 15k 2 1.2 |- R gl
~ | ~ Lo} e ;
510 o 08F aEat :
C7)/ B (Z/ 0.6 _— p :'| :" u i A 0 ™
5| 0.4 iF 9
: 0.2} ‘
0 L-— e e 0.0 - -
0 N 10 15 20 0 5 10 15 20
E[MeV] (relative to int. nucleus) E[MeV] (relative to int. nucleus)
B(GT™) of QRPA and QTDA are similar. B(GT™) of QRPA are quite small.

Ground-state correlation Y,,, mainly influences the GT™* transition.
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SSDH mechanism: ground-state correlation

* How does ground-state correlation make negative contribution?
QRPAEQ: —BX=(A+ Q)Y
Bll’,krk-’ = — (/11,;6'2_1,;6/1)['1)1/ -+ umm;kvk/)(H’|V|kk’>§p attractive

14 ] 1 I 1 I 1 I

v’ Both (4 + Q) and B are positive. 2| o]
== X and Y are of opposite sign. o .,-~"'"’°/././. y
v' B get large with the increase of fig T e - Xe ]
. = 06 —u— QRPA -

= |Y| will approach to X Fo [T, QDA
.y . = | \.\I -
== GT transition amplitude becomes smaller 02 b T
== NME decreases with increasing fis ooF \:'\_ -

P. Vogel and M. R. Zirnbauer, Phys. Rev. Lett. 57, 3148(1986)
O. Civitarese, Amand Faessler and T. Tomoda, Phys. Lett. B 194, 11(1987)
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SSDH mechanism: ground-state correlation

* How does ground-state correlation make negative contribution?

(nJ||OF(|0) = > (=)t (Gl |OT|5p) [ X vptn + 0y Y vntip)

pn
v At large fis:

|Y| is increased == negative contribution of higher-lying states

The sign of GT+ amplitude will change for higher-lying states

4 T T T T v T v T v T 1.0 [ = T y T ! T Y T ! ]
: E, =13.93MeV ] 08 I iy E
gl e N
o 2 ' 7] i g: : 128 128 A\A\: :
St E, =7.39MeV o M TXe>Tl e
T l'_ A A A A 7'y A A A A A L‘ 0.0-——:;-—_:_1---.": ————————————‘—‘.
E E 12tpg 18y 2 02 - E, =11.24MeV /./‘/. §
P J | < +E 04} N i
T/ . '\_‘/ -0.6 _-_ ./. N
1F E, =3.50MeV E T e~V E,~232MeV
[ ¢—0—0—0—0—0—0—0—0—0 ] -0.8 n ./' -
2 L " 1 M 1 M 1 N 1 " 1 ] -1.0 L 1 N 1 N 1 N 1 A 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
ny y
+ —_ + . . ey
v (1l IGT[]057) is almost v (1{||GT*||0f) is sensitive to Yon,
independent from Y, and its sign changes for higher-lying

states.



SSDH mechanism: ground-state correlation

Why does ground-state correlation play its role through GT+?

10
<J | lé— ||0> - Z _<.j1)| |O_||Jrl> [X ;;{;'14,“1"7'1‘}11'1) =+ Y;)I;IJUPU"H : _—= — — :
pn L T —t ) — =
1h9/2
A . . % B —_— — 207/2 2
<‘]||O+||O> = (_}‘7I'+j"+l] <j-n-||O+||j)>[XnJl"")u“n = YuJ’l""llu')] ' — 2712  —— -
! pn YL pn I
i u :':llg\— 4p 1/ 2~ c— 7
- 1i13/27 m';,zz yroton :
- W git—— [l :
. ot 3

128Te: neutron-rich nucleus 0 W7 proton i g
L — 1h11/2 T
. [82] i1 2mn — T
.. L 2d3/2 PR -
v' GT+ transitions: completely = | —— 172 —_
blocked at mean-field level o S ___ e meutron [ T T
E o [82] = 252 [82] 7
g : g Eozaas 1h11/2 :
v’ pairing correlation: unblock the | w8 — 2020 T [50] ;
.. 3s1/2 2d3/2 9/2 -

transition through X term -10 |- 50 ' e
5 1g7/2 [ ] 169/2 7

2d5/2 — 92 g

- 2d52 —— -1
v' Ground-state correlation: - - | el
. L K 2p3i2 -

115/2
block/unblock the transition B s s
through Y term I e f— .
R —_— 1172 -
=) GT+ is sensitive to ground-state g L — T m ]

correlation Te xe
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Outline

* 2v23 NME calculated by relativistic QRPA
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Numerical details

B RHB:
1. Density dependent meson-exchange interaction: DD-ME1 DD-ME2
2. Gogny pairing force D1S
3. Harmonic oscillator basis N,,,,=20
B QRPA:
1. Single-particle energy in Fermi sea: &, < 200.0 MeV
2. Single-particle energy in Dirac sea: &, > —2000.0 MeV

2. [upvy| > 1072 and |u,v,| > 1072

m MEY

1. For each QRPA state, the ph configuration with |X2, — Y7, | > 107°
considered.

2. Single-particle wavefunctions of initial and final state are assumed to be the same

<¢£|¢B < | faﬁ |—>: ap
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NME of 2v[3[3

* Dependence of NME on isoscalar pairing strength

2v -1
M2 (Mev'T)

"0 50

100 150

IR RARET B N ]
i

200

-0.2

=B+ (En QB (2/’2) .
- Szll.l'/) 0 (gzu = S21) e #ﬂ — Bn

L
@

1.5

—-=exp p

T
[ du)
¢
@
&
i
¥
(]
¢

100 Mo

l.-..h....l....l..-.

250 o

50 100 150

-V, (MeV)

200

llllll'lllllllll'lll"Ill'lllllllll

Fa g gl g sl a sl gy Lis

250 ¢

50 100 150 200 250
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Running sum of NME

 Running sum of NME as a function of excitation energy of

intermediate states

2 neu. neu.

0.3_ | B | l--:._-l—-f--l—:-:-l-_v-- 0‘3 .--.- 0;01 Tr [ T rrrrg 1.5. O R T 7, RO R
B 0 b A ey et e -
L |"6Ge Ir " I V,=100MeV .= ! CR— e ]
- .i;' .................................. r [ V. =170MeV ! ... 1+ SO o _
0.2 : -"‘."'.-':":' -.I 02 B ’ !‘ .................................... - i .V =0 ——V.=180MeV]
L o ] = = Vy=-200Mey. 1 [ 0 0 :
H 3 8Te| ] ggf  lwVy=-100MeV - -V =200Mev;
--=V=0 ] N e ¢ |
------- V0=-100MeV
~ —V0=-150MeV i DD-ME2
> | | = =V,=200MeV ] et e us
€ W W Pl WPuu 1 03[ Aot
56 oV —V,=60mMev 1 e 1 i
= 03[ Vy=100MeV - -V,=200MeV - t O S Bl | s ] gl =Yoot | 1
~~~~ {02 - —V,=-180MeV = [ —V,=-150MeV | 9
- - ‘. g
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4 0'04: A e % 136X o|
] 0.02F 3
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Isoscalar pairing strength

e The isoscalar pairing strengths determined by experimental NME values

€XP /1 /

Isotope M2 (MeV™1) SO ¥y MoV ST
QGe 0.140 -140.81 -145.27
%68 0.0984 -154.40 -156.50

10000 0.246 -175:82 -180.65
12878 0.0478 -167.48 -170.35
130T 0.0342 -175.52 -178.20
136X e 0.0192 -149.69 -154.71

* The empirical isoscalar pairing strength formula proposed by fitting B-decay half-lives

240 T T TTTTTETTETET ST
Vb ~o-DD-ME1 :
Vo=VL + atb(N—2)’ -¢ -DD-ME2 ]
]- + € 215 ——empirical -
EZ 13076 E
Z. M. Niu et al. Phys. Lett. B 723, 172 (2013) =190 2y,
= |

> b 82ge AT \
| | 165 o
This formula is not good for 2v2[3 decay i
140 Lisi sl

10 15 20 25 30



Outline

* Introduction

* Theoretical Framework

* 2v2[3 NME calculated by Skyrme QRPA

* 2v23 NME calculated by relativistic QRPA

* Summary and Perspective
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Summary and Perspectives

With the spherical Skyrme QRPA model:

1. 11 observed 2vBpB NME are calculated. The isoscalar pairing strengths are
suggested.

2. Comparison between QTDA and QRPA is implemented. The ground-state
correlation in QRPA largely suppresses the NME.

3. The cancellation mechanism of SSDH is studied. The isoscalar pairing could

enlarge the ground state correlation so as to change the sign of GT+ transition
amplitude.

With the spherical Relativistic QRPA model:

1. 6 observed 2vBB NME are calculated. The isoscalar pairing strengths are
suggested, and compared with empirical formulas for B decay.

2. SSDH/LDSH nuclei are summarized.
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Summary and Perspectives

Perspective

* Within QRPA approach
v" 0v BB-decay matrix elements
v" Deformation effect

 Going beyond QRPA : QRPA+QPVC
v' 2v BB-decay matrix elements
v" Ov BB-decay matrix elements
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Numerical details

B Mean pairing gap:

Nucleus %8Ca

An, MeV —

A, MeV

Nucleus %9Zr

A, MeV  0.85
A, MeV  1.54

Nucleus 28Te

A, MeV  1.28
A, MeV  1.13




Numerical details

b9 7 L n
< < < <

S(GT) [MeV ']

[
<>

B Convergence check:

— T T
— = E. = 80; £40,= 80 ‘

- - Epe= 90; Corpa™ 90 F }
=== E __=100; SQRPA=100 d .

| E,-s=100; £ .0, = 70 EF -
— - —Eur™ 80; £gpp,™ 60 L

E[MeV]

S(GT") [MeV ']

= =
a

=
tn

e = =
— N W

=
=

=
=

= — Ex= 805 55,,,= 80
==== Eyee™ 90; £ggp,= 90
=== E .=100; 5 ... =100

......... EHFB=1OO; SQRPA= 70

—-—E,= 80;¢

luv[>107

= 60

QRPA

=

| ’ 1281 I | |
s u\=// \ns
5 10

E[MeV]

Eyrg = 80MeV; eyp = 60MeV is stable enough.
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Numerical details

B Convergence check:

S(GT ) [MeV ]

50 1 l L] 1 L] 1 l 1 1 1 1 l 007 ' I . A . A l v v ) b l L 1
- = |uvj>10™ |I| 0.6F |- = [uvp10? i
W |Eemse [uv]>10 :I [ [uvj>10"* ,‘II
|I T 'T = I!
I ; 1
30 = l'li - E 0.4 = “
HFB: E=80MeV '|| | = 5[ mrm:n=sovev i”|
— - a
QRPA: £, = 60 MeV | |\ a QRPA: ¢, =60 MeV i 1
. | i i 10 02f ll‘ l“'
10 |- | 128 i 4 I\ 17 [ 128 j I
Te i 4 ! 2 0.1 Te / \ ! \’\“
B p H =N 5 . \ 1
| T .-’sL_../\p',.J .\'f—/. .\‘r«-."/l . .\*.-—~ 11| [ J/ha’/ e \'“f""f’
0 5 10 15 2( 0 > 10 15
E[MeV] E[MeV]

The occupation amplitude cut-off in QRPA |uv| > 10™* is stable enough.



Numerical details

B Convergence check:

0.049 1 1 I ) IIII )
48Ca
0.048 - -
/-——— — "
>
§ 0.047 - -
e
NEU
0.046 - K -
0.045 | e 1 = 1 - 1 - II,I |
10 10 10 10 0
2 2
X Yo

For each QRPA state, the ph configuration with X;h — Yp2h| > 107° is considered.
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Potential application in OvB decay

* Nuclear Matrix Element (NME) of OvB3

M7= D D AT

J7 ,k1,ky,J' pp'nn’

j jn J / / / /
x 470 0 (pp || Ok ||nn 2 )
Jn Jp J

< (07 lich s ()12 2 () ke Jor)

Ogt = hgr(r, Ex)o1 - 02

where

A _qhx(g?)
g + @)— (E; + Ef)/2

2 .
B lonns Ey) = ;RA/d Jo(qTmn)
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SSDH mechanism: ground-state correlation

* How do ground-state correlation make negative contribution?

(nJ[|OF|0) = (=)t Gl O™ |p) (X p vptin + 1y Yo vntty)
pn
v At large fis:

|Y| is close to X == negative contribution of higher-lying states

1-2 K I L] L] I l l I
128 128
Te —> "Xe e R R e
1.0 |- 7 il
I : o
3 \ Rt L P S ——
0.8 |- Illl_:: |,)- e ]
o i |'§‘M‘\"§ - - - QRPAOSY 1
&y o 7 -
2 el o —— QRPA LY, ]
E "I |'\; o QTDA
" § 2w -
ST [ #:
Z) L. 5 . -
& 04 il f=12
=
i 2
02 f o =
[
0.0 [ Y RIS [T T TNNY TN [N TN T VY SN N TN TN N W N VN T U N N U W A
0 5 10 15 20 25 30

E[MeV] (relative to int. nucleus)



SSDH mechanism: ground-state correlation

 How do ground-state correlation influence the NME?

I
(010Gl 115 11 115 1L [10gp11(0547)

(L3, 10&2 /10247

MEr =)
]\T
o Ex™ 4 My — (M; + M;)/2
15 - 1.5
- |28Te_>|zsl | lZSXe_>I281
12  sesess QTDA § 1.2 4 i ------ QTDA
: — QRPA ' ' ' —— QRPA
9..
C |
O
aa)
3_
0 5 10 15 20 0 5 10 15 20
E[MeV] (relative to int. nucleus) E[MeV] (relative to int. nucleus)
B(GT™) of QRPA and QTDA are similar. B(GT™) of QRPA are quite small.

Ground-state correlation Y,,, mainly influences the GT™* transition.
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SSDH mechanism: ground-state correlation

IGT07)

int

(1

* How do ground-state correlation make negative contribution?

(nJ|OF|0y =Y (=)t (G| O | 5p) (X1 vptt + 1y Yot vty
pn
v At large fis:

|Y| is increased == negative contribution of higher-lying states
The sign of GT+ amphtude will change for hlgher-lylng states

4 [ v T v T 5] T ¥ T v T ] 1.2 ; ’ ! s . ’ 4 1.0 T v T T v T v T
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C e & 1 £= g2l s 128 2
[ S 02r 1 <o O Xe—> "1 0
F ] & ook (13.93MeV,12.13MeV) 1 & oo0bccccme e e n—me—n—N_ _]
l ‘23'[‘ 1 8| = 0.2 [ »—s—u—8» 88888 —8—8 | b 1 l——"—'—'._—.—" e
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Of-------mmmmmmmmmmmmm o] - 1 TE 0af - .
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2 F 1 ! ! 1 i 1 212 [ " 1 s 1 A ! i 1 i 1 ] 1.0 N 1 s 1 . ! i ! A !

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

’7)’ 77)' ”)'
+ +\ - .
ey v (1E ||GTT||0F) is sensitive to Y,
v (15.||GT~||0f ) is almost int f ph
int 1

independent from Yy, and its sign changes for higher-lying

states.



Running sum of NME

M [MeV]

M2 [MeVT]

Running sum of NME as a function of excitation energy of

intermediate states

1 . . .
*(N) i ( ( f f 7 y 1. ]
En _5( [(Qn - Aneu. e )‘pro.) + (Qn + )‘ueu. - )‘pro.) - (QA[’\ - A[’l — ]\/Tf)
0.06 T T T T T T T T T T 0-20.""1' IE R EEE RS B RS AR 0-20_"" T T T T ]
oosE ®Ca— ®Ti ] “Ge - "Se | [ “Se » "Kr ]
e : 1 o016 .
0.04 F _—-';JJ ] | [ ]
s ] 1 o2 .
0.03 F , 1 1
- ] 1 008 e .
0.02 : ] [ Ed ]
C 2 0. [ i
o0 f=0.7 1 fi=1.2 1 *%f fi=1.2 .
0.6 -+ P ' " ' " " 0.16 [+t ; " " '
05} | [ ]
1 012 .
0.4 : L )
03k f,5=1.28-. 0.08 [ fis=0 T
02f [ y [ ]
0.2 4 004 -
01k L lOOMo - IOORu 4 L 116Cd = llGSn p
0.0 1 1 1 1 1 0.0 [ 1 1 1 1 1 0.00 [ 1 1 1 1
0 5 10 15 20 25 30 5 10 15 20 25 30 10 15 20 25 30

E[MeV] (relative to int. nucleus)

E[MeV] (relative to int. nucleus)

E[MeV] (relative to int. nucleus)

fis is taken at the value that reproduces exp. data (or close)
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Running sum of NME

* Running sum of NME as a function of excitation energy of
intermediate states

neu. pro. neu.

E;N) :%( [(Q = Nogu, + Ahio) + (O + Mo — M) — @My — M; — My)] )

0.20 ——+—1 17— 014 T 0.030 T
-l fis=1.2 1 on2f fis=1.2 1 0.025F fis=1.0 ]

— [ ] oo | sk .
% 0.12 - 28, 8y ] i L 130T _s 130y, | mXe—)mBaE
= a { omsE .
.-GS 0.08 - 1 0.06 1 E
S [ ] [ 1 0.010 F .
[ 0.04 |- - F :

M 0.02 ™ 0.005 :

0.3 [ttt I L S B e - : - — . - ]

! ; ] 0 5 10 15 20 25 30

I fis=1.25 0.20 i fi5=1.2 _ E[MeV] (relative to int. nucleus)
B _ 50Nd — 'Sm _ C WSI’U — *py ]
E : { oasf .
: E . w_ 1 o010 :_ ]
> 01f = [ ]

- 0.05 F -'

0.0 [ 1 1 1 1 i ] 0‘00 L 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E[MeV] (relative to int. nucleus) E[MeV] (relative to int. nucleus)

fis is taken at the value that reproduces exp. data (or close)
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Isoscalar pairing strength and SSDH/LLDH

Nucleus 4B(la 6Ge 82Se By 1000\ [0
Expt. M&4 (MeV—1) [0.046+0.004| |0.1364:0.007] 0.10040.005| 0.097+0.005 [0.22340.006
Theo. MZ;, (MeV—1) 0.046 0.062 0.070 0.139 0.288
Theo. MZ4.(SSD) (MeV 1) 0.035 0.054 0.015 0.230 0.570 (0]21)
Theo. MZ4(LLD) (MeV—1) 0.036 0.125 0.098 0.234 0.407
fis 0.70 1.20 1.20 0.00 1.28
Nucleus IIGCd 128TC 13()TC 136XC 15()Nd 238U
Expt. M35 (MeV~1)  [0.12740.004] | 0.056+0.007| |0.0374+0.004 0.0224+0.001  0.07040.005 |0.15759 ;%2
Theo. MZ% (MeV~1) 0.139 0.037 0.021 0.022 0.071 0.140
Theo. SSD 0 14)<().0()1 ()024)0.040 0.018 <0.001 0.156 0.177
Theo. LLD 0.096 0.102 0.116 0.007 0.156 0.177
fis 0.00 1.20 1.20 1.00 1.25 1.20

Exp. data from A. S. Barabash, Nucl. Phys. A 935, 52 (2015)

*ga = 1.273 is used to calculate the expt. MZY

The upper limit of energy of LLD is 5MeV, except for 82Se (2 states only).

v" SSD nuclei: 48Ca, 7°Ge, 128Te, 130Te, 238

v LLD nuclei: 82Se, 199Mp, 116Cd

Exp. data of SSD from O. Moreno, et al., J. Phys. G 36, 015106 (2009)



SSDH mechanism: ground-state correlation

Why does ground-state correlation play its role through GT+?

10
(JNO7110) = 3™ = GpllO (1) X3 vty + Vi vpt

pn

(J| |O+ 110) = Z(_}j"+j” - {Jnl |O+||j1)> [/YI";',;]'L’],IL.” = Y;;;,',]'l,.",,‘up]

pn

128Te: neutron-rich nucleus 0

v' GT+ transitions: completely

blocked at mean-field level >
=
v’ pairing correlation: unblock the =
transition through X term 10
v" Ground-state correlation:
block/unblock the transition
through Y term b
=) GT+ is sensitive to ground-state
correlation -20
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SSDH/LSDH

Nucleus e SSe 100Mo 1237 130 156 e
Expt.M?% (MeV ") 0.140  0.0984 | 0.246 | 0.0478 0.0342 0.0192
Theo.M?”(MeV ™) 0.141  0.0993 | 0.210 | 0.0498 0.0343 0.0191

Theo.]\/[Q"(SSD)(l\/IeV_I) 0.0388  0.254 0.243 | 0.0241 0.00271 <0.001
Theo.M* (LLD)(MeV~")  0.124 0.102 0.257 | 0.0322 0.0715 0.0139
Vo(MeV) -145.27 -156.50 | -180.65] -170.00 -180.20 -154.71

The upper limit of energy of LLD is 5MeV, except for 13°Te (E<1.8 MeV)

v" SSD nuclei: 199Mo

v LLD nuclei: 76Ge, 82Se, 128Te, 130Te |136Xe



NME vs. fis : 2°Zr and Mo

Energy denominator [MeV|
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2v[ [ through the 1st intermediate state. The similar case appears in 116Cd.
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