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Neutrinoless double beta (0vBf) decay and its importance in neutrino physics

l

Method of Nuclear Shell Model to Study 0OvB3 Decay and Nuclear Matrix
Elements

Results for Nuclear Matrix Elements Mostly of 136Xe Using Nuclear Shell Model in
Both Closure and Nonclosure Approximations




Neutrinoless Double Beta Decay (0Ov3f3)
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* Lepton number violation (AL = 2) will be observed. | Feynman diagram for two-neutrino double beta decay



Half-life of Neutrinoless Double Beta Decay 0Ov@g: light-neutrino exchange
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Absolute Majorana Neutrino Mass

Decay rate of Ovf3f3
Majorana neutrino mass(mgg):
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Where, ¢;; = cosBjj, sj; = sinb;;,
0 <0; <m/2,0 <6;3 <2m, oy and a, are Majorana
CP-violating phases.

Upper limit for mgg of 36-156 meV has been determined from Ov3{3 decay experiment
of 136Xe at KamLAND-Zen ( PHYSICAL REVIEW LETTERS 130, 051801 (2023) ) with lower
limit of Ty, 2.3 x 102 yr using different nuclear matrix elements



Nuclear Matrix Element(NME) M®V: our research interest
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Approximations of NME calculations: closure vs nonclosure approximation

Nonclosure Approximation 136Xe—> 136Cs - 136Ba
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Closure Approximation

One replaces E; + E, = (E) Ho(r) = o jo q+ (E)jp(qr)ga(Q)qdq
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Method: Running nonclosure and closure

Here....Neutrino potential are calculated explicitly in terms of excitation energy of 136Cs
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Ho(r, Ep) = —* jo m]p(qr)ga(Q)qdq (n''|Hg (r, Ef)|nl) = f Ry Rpr2dr = Hy (1, Ep)

Closure approximation Eo + Ej = (E)

Nonclosure Closure approximation
136
: : 0 {Intermediate 136p45
Eo + By > 1.74 MeV + E, 136y State)

(Final state)
Explicit Form of NME in running nonclosure method
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Two Body Matrix Elements of Ovf33 decay

OvB transition operators

* Fermi Type:
0}, = SpHg(r) = Hg(r)
* Gamow Teller type:
0%; = SgrHer(r) = 6;.0,Her(r)
* Tensor Type:

01, = StHy(r) = [3(01.F)(0;.T) — G1. 6, ]Hp (1]

>

Explicit Form of Two Body Matrix Elements
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Neutrino Potential Integral (n'l’'|H,(r)|nl)
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Effects of Finite nucleon size (FNS) and higher order
current(HOC)

FNS + HOC

proton neutron

Weak interaction is

not pure V-A type at
nucleon level

https://profmattstrassler.com/

=T v @0 — ga@rvs = (@) g+ 0 ) 0
gr(Q) = gv(Q) 2
sor(@) = B0 (1 -2l 43 () )
() = B0 (1t - (i) )+ 20

ga(@®) =ga/(1 +q*/A%)

gm(@® = (1p — 1n)8v(9?)
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Short Range Correlation Effect (SRC)
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Hq (r) = Ho (1) (1 + f(r)

SRC Type a b C
2 5 Miller-Spencer 1.10 0.68 1.00
f(r) = —ce™" (1 — br?) CD-Bonn 152 1.88 0.46
AV18 1.59 1.45 0.92

a, b, c are SRC parameters
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Interacting Nuclear Shell Model and Effective Interactions

136Xe— 136Cs —» 13¢Ba+e™ + e~

136Xe— 1005n (Core)+32 valence neutrons and 4 valence protons

136Cs— 1005 (Core)+31 valence neutrons and 5 valence protons
136Bg— 1005 (Core)+ 30 valence neutrons and 6 valence protons
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orbits of jj55-model space

Nuclear Shell structure

For 136Xe, shell model diagonalization is performed with
GCN5082 effective interactions to calculate initial,
intermediate, and final nucleus using shell model code
KSHELL [Shimizu et al., Comput. Phys. Commun. 2019,
244, 372-384]

Computer Physics Communications

Volume 244, Movember 2019, Pages 372-384

Thick-restart block Lanczos method for
large-scale shell-model calculations +,
ok

Noritaka Shimizu @ & B, Takahiro Mizusaki ?, Yutaka Utsuno © 9, Yusuke Tsunoda ©

GCN5082 Hamiltonian

|!i jj55 model space (good isospin) g7,d5,d3,s1,h11

! gcn5882 Hamiltonian from Phys. Rev. C 82 (2018) 864384
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11 1 -8.445856

-8.865073

g.ee6127

-8.221861

8.262192

-8.218628

8.183864

-8.918383

-8.175292

-8.387574

-8.118939

[ N = I =y
N N Y
N = T R IR
R .
WNRE SO WmE W R ©
TP OO, OR O,

Calculated Wavefunctions are further used to calculate

the OBTD for nonclosure approach



Results for 13¢Xe Ov Decay
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Calculated NMEs for OvB decay of 13Xe in Nonclosure Shell Model

MOV

g4

- MGT_g_ZMF+MT

A

NME Type

SRO Type

MNonclosure NME

Mg Mone -[1.458
Mg Miller-Spencer -[p.322
Mg CD-Bonn -[1.4859
Mg AV1R -(1.451
Mer None 1.693
Mgy Miller-Spencer 1.725
Mg CD-Bonn 1.743
Mo AVIE 1.611
Mo Mone 0.013
My Miller-Spencer 0.012
My CD-Bonn 0.012
M1 AV1E 0.012
MY Mone 104}
¥ Miller-Spencer 1.437
MY CD-Bonn 2.058
MU AV1S 1.903

GT Type NME dominates over Fermi and Tensor Type Matrix Elements

The SRC effects are most visible for Miller-Spencer type SRC
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Comparison of Nonclosure and Closure NMEs in Different Models

Muclear Model Reference A pproximation A SRO Tyvpe Total NME (M™)
150 Current Study Monclosure 1.270 CD-Bonn 2.06
ISM Ref. [29] Closure 1.270 CD-Bonn 1.74
ISM Ref. [43] Closure 1.254 CD-Bonn 1.76
[5M Hef. [24] Closure 1.250 UCOM 2.19

ORPA Ref. [52] Non Closure 1.260 CD-Bonn 2.91
DORPA Ref. [53] Non losure 1.269 CD-Bonn 2.46
RPA Rel. [53] Non Closure 1.269 AV1E 2.18
M Ref. [28] Closure 1.254 CD-Bonn 2.35
IBM2 Ref. [54] Closure 1.269 AVIE 3.05
EDF Ref. [13] Closure 1.250 UCOM 4.210)
REDF Ref. [15] Closure 1.254 None 4.32

[29] M. Horoi and A. Neacsu, Phys. Rev. C 98, 035502 (2018)

[43] A. Neacsu and M. Horoi, Phys. Rev. C91, 024309 (2015).

[24] J. Menendez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139
(2009)

[52] J. Hyv arinen and J. Suhonen, Phys. Rev. C 91, 024613 (2015).

[53] A. Faessler, M. Gonz’alez, S. Kovalenko, and F. Simkovic, Rev. D 90, 096010
(2014).

[28] C. F. Jiao, M. Horoi, and A. Neacsu,Phys. Rev. C 98, 064324 (2018).

[54] J. Barea, J. Kotila, and F. lachello, Phys. Rev. C 91, 034304 (2015).

[13] T. R. Rodr'iguez and G. Mart’inez-Pinedo, Phys. Rev. Lett. 105, 252503
(2010).

[15] J. M. Yao, L. S. Song, K. Hagino, P. Ring, Phys. Rev. C 91, 024316 (2015).

We see 6-18% difference in nonclosure and closure
NME in shell model

The Difference may arise from choice of
Hamiltonian and closure energy used in closure
approximation

Overall there for different nuclear models NME

variation is large and it is an open problem to
explore
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NME

B Fermi-CD-Bonn SRC
B Tensor-CD-Bonn SEC
BB GT-CD-Bonn SRC

.-I- Er‘l-

+ g+ 10* 11" 0
Spin-parity of the intermediate states of 1**Cs (/]

Contributions of Individual Spin-Parity of Intermediate Nucleus on Ovf 3 NME

136Cs is the Intermediate Nucleus for OvS [

decay of 136Xe

Partial GT NMEs are all positive and Fermi
NMEs are all negative for different allowed
spin-parity of 13¢Cs. Tensor NMEs have both
positive and negative contributions

The 1+ state contributes most on GT NME 2+
for Fermi NMEs.
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Finding Optimal Closure Energy Where Nonclosure and Closure NME Overlaps

MAd
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The goal here is to find appropriate
closure energy for which nonclosure
and closure NME overlaps

Optimal Closure Energies are 4.1, 3.7,
Near 0, and 3.7 MeV for Fermi, GT,
Tensor, and Total NMEs respectively.

Determined Optimal Closure Energy
Can Help to Achieve a Accurate NME

Using Closure Approach Which Requires
Lesser Computational Resources
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NME

MNME

Reproducing Nonclosure NMEs Using Closure Approach With Optimal Closure Energy With
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Here we show that if we use determined
optimal closure energy, we can accurately
reproduce nonclosure NMEs using closure
approach across all number of
intermediate states considered with much
smaller computational power

Here solid lines are closure NMEs and
dotted lines are nonclosure NMEs

In addition, we showed how the
convergence depends on choice of
number of states for each spin-parity of

136Cs, Here we could consider up to 200
states for each spin-parity, with
reasonable accuracy.
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Studying Non-standard Mechanisms of Ovf 8 Decay Using Nonclosure Approach

Apart from standard light neutrino-exchange mechanisms, the other popular
BSM physics mechanisms are

Left-Right Symmetric Mechanisms of Qv Decay (Will
Discuss this Briefly)

Supersymmetric Particles Exchange Mechanisms of Ov[3[3 Decay

Effective Field Theory Approach of Ov[3[3 Decay

Extra Dimensional Mechanisms of Ov[3[3 Decay

18



Nuclear Matrix Element Calculation for Ov33 Decay in Left-Right Symmetric
Model

If we consider all the diagrams of 0V decay in
left-right symmetric model, the decay rate can be
written as

1
0 ; 0 9 D D
1-—1012] :Q;lq [Crn Mm| + CN [nn|"+ Cx [mal™ + Cy |ny|

i Y € N, € p + CmN|[Mm|[nN CDS('@Lﬁm '1.5.‘\"} + Cra|1m| [1r | cos(dm — @)
U / ‘;?-/L/ + Conn|m | [1y| cos(¢m — én) + CNa[nN||ma|cos(dn — i)
1 - B > Uy d, > Gy > Up

R + CNn|nn||my|cos(on — ¢n) + Can|malimm|cos(ér — ¢n)

{a) Light neutrino exchange for purely LH currents. (b} Heavy neutrino exchange for purely RH currents.

iagram o 7., arising from i . t . t p— Diagram o< 5y arising from jpJ5LigJ]L term. .
Diagram o fim atising from jz. /31y ¢ T R Nuclear Matrix Element (NME) (Our Interest)
d, A @\\P U ) —’—@/\\\F “r A

PHYSICAL REVIEW C 101, 035504 (2020)

e e ( N \ 2
qv
Cm =Go1 |Mgr — | Mg+ Mt
Vi A vi 4 g4
. o ...Similarly for other terms
“k / . of decay rate equation
n = Uy

dp > (G > Up d, = ),
(b)) p-diagram due to gange boson mixing. Diagram oc ny Phase Space FaCtors WhiCh are Ca|CU|atEd

arising from _J;_.Il_.i;;.f;_ term.

{a) A-diagram due to both LH and RH currents. Diagram

x 7)) arising from _]1_./}_);‘-.’;‘, term.

Accurately



Nuclear Matrix Elements Calculation in Left-Right Symmetric Model

Shell Model Calculation for 136Xe Ov33 Decay

NME of Ovf33 decay is written as

M, = (f|7-17—_20%]i)

Transition Operators of Ovf3f3 in left-Right Symmetry
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Study of A mechanism of Ovf33 in Nuclear Shell Model

n p

The Feynman diagrams for A mechanism

Motivation of Studying A mechanism

PHYSICAL REVIEW C 98, 035502 (2018)

Shell model study of using an effective field theory for disentangling several contributions
to neutrinoless double-g decay

Mihai Horoi® and Andrei Neacsu!

(1) Shell Model was used in paper for closure
approximation to study A mechanism of Ov(3f3

PHYSICAL REVIEW C 92, 055502 (2015)

Reexamining the light neutrino exchange mechanism of the Ovgg decay with left- and right-handed
leptonic and hadronic currents

Dusan Stefinik,! Rastislav Dvornicky,'2 Fedor Simkovic,'*4 and Petr Vogel®

(1) Exploited the revised formalism for A mechanism

Froniers The A Mechanism of the OvBB-Decay
Fedor Simkovic "2®, Dugan Stefdnik ' and Rastislav Dvornicky "*

(111) QRPA calculations with revised formalism for A
mechanism
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Decay Rate

-1
[Tlovl - T]\Z;Cmm + n}Z\CM\ + NyNa cos Y Cyyp
2

Cm = giM\ZIGOL
Cma = _gf}in(Mz—Gos — M1+ Goy),

4 ran2 L 2
Car = 8aM3_Goy + = M7 Gorp — M4 M3_Gopqp)

e [

1
MV = MGT _g_ZMF+MT

A
1
Myew = Mgt — ) Myr + Mgt
°
M1+ = MqGT + 3_2MqF - 6MqT
gA
1
Mz- =Myy — §M1+

My = (flt1-To- 015 ]i)

Transition Operator

GT,wGT,qGT _
01, = 11-T2-(01.62)HgT 06T 96T (T, Ex)
F,wF,qF _
012 - T1—‘EZ—HF,00F,qF (I‘, Ek)
T,wT,qT _
012 = T1-Ta— (Slz)HT,wT,qT (I‘, Ek)

Nonclosure approximation

g = R [ alands
GRS ), q+ Ex + (Bi + Ep)/2

Closure approximation
|[Ex + (E; + Ep)/2]— (E)
ZRjoo foc(q; r)dq
T Jy q+(E)

Revised Approach

PHYSICAL REVIEW C 92, 055502 (2015)

Hoc(r: Ek) =

Reexamining the light neutrino exchange mechanism of the OvBg decay with left- and right-handed
leptonic and hadronic currents

Dusan Stefanik,' Rastislav Dvornicky,"? Fedor Simkovic,** and Petr Vogel®

1
foer(q, 1) = VY qj1(qr)
1+ ,‘3—3) (Old)
quT(q: I') ‘
2 2 2 2 5
= <gA(g )q + 3—gp(2 )q—z (Revised)
gA ga 4mg

N ACREICREN
83\ my

) rj1(qr)

Decay rate and NME for A mechanism
Radial neutrino potentials
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Nuclear matrix elements for the A mechanism of 0vSg decay of **Ca in the nuclear shell-model:
Closure versus nonclosure approach

Shahariar Sarkar®,"-" Y. Iwata, and P. K. Raina'
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Results for A mechanism of Ov33 decay of 32Se

TABLE 2 | NMEs for 0vgg (light neutrino-exchange and A mechanism) of **Se.

NME Type SRC Type
None Miller-Spencer CD-Bonn AvV18 We some large enhancement of

M ~0.633 —~0.442 ~0.674 S M gt type NME for including the
Mar 3.681 2.536 3.247 3.068 t | tt

M, _0.020 _0.020 _0.020 _0.020 recent nucieon current term as
M, 3.529 2.790 3.645 3.433 mentioned earlier

M, s ~0.630 ~0.441 ~0.671 ~0.618

M, Gt 3.075 2.453 3.165 2.986

M. ~0.020 -0.020 -0.020 ~0.020

M, 3.485 2.751 3.599 3.388

Me ~0.330 -0.274 ~0.384 ~0.372

Moot 11.667 10.167 12.538 12.184

M7 ~0.097 -0.097 -0.097 ~0.097

M, 11.636 10.241 12.409 12.076

Mo 2.192 1.613 2.220 2.046
yfrontiers : ORIG.INI-\VL RESEAR(?H
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Interacting Shell Model Calculations
for Neutrinoless Double Beta Decay of
825e With Left-Right Weak Boson
Exchange

Yoritaka Iwata’* and Shahariar Sarkar?

'Facuity of Chemistry, Matenals and Bioengineering, Kansai University, Osaka, Japan, “Indian Institute of Technology Ropar, 24
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Results: Contribution of different Spin-Parity States of Intermediate Nucleus 13¢Cs

to the Nuclear Matrix Element of 3¢Xe Qv in Left-Right Symmetric Model
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Additional Methods of NME Calculations in Shell Model
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Method: Pure Closure
One of the Simplest that Requires Smallest Computational Resources is Pure
closure Method

Pure Closure Method Only Requires Initial and Final States. So No Intermediate
States are Required to Calculated

MOV = (flt_1t_, 0%, i) = Z TBTD(f, 1, )(kiky: JT|t_1t_5 OF5 |k ko JT)a

o—closure
],k’lkéklkz

Lecture Notes in Nuclear Structure Physics

< nwJ||[AT (kaksJs) ® ;'i{.ﬂ:,.{.'ﬁ-};}]’:" ECTP

1'..-"‘:—]"}1 -1 | B. Alex Brown

Shell Model Code Like KSHELL Provides Option for TBTD Calculations

TBTD( fik.J,J' ) =
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Method: The Ovf33 decay through (n-2) Channel

PRL 113, 2623501 (2014) PHYSICAL REVIEW LETTERS

Nuclear Structure Aspects of Neutrinoless Double-ff Decay

B. A. Brown,' M. Horoi,” and R. A. Sen’kov™

J™(+ve) = 0,1,2,3,4,5,6,7,8,10

Two Nucleon Transfer Amplitudes (TNA)

(fl1A* (K1, k, D I[m)

V2o t1 134y

136
136 {Intermediate Ba
Xe State)
(Initial State)

TNA(f, m, k3,Kk), ) =

{F'lnal E;tate)

Several Excitation

(I™ = 0%g.s) Energy States
for Each J™

136Xe—> 134Xe - 13°Ba +e"+e~ (™ = 0*g.s)

Final Matrix Elements in Closure method J"(—ve) = 2,3,4,5,6,7,8,9

Diagram to Calculate TNA for OvfS of 136Xe

0 _ .
1v[oc\iclosure = <f|T—1T—2 O%zh)

= Z TNA(f) m, k:,lt IZIIm)TNA(mJ i; kIJkIZJIm)a{Z’lk,Z:]TlT—lT—Z O%2|k1k2:]T>A
Jmkikaokika
28

Shell model codes KSHELL and NushellX@MSU both provides option for TNA calculations



Finally Some Results of 13¢Xe Two-Neutrino Double Beta Decay
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Two Neutrino Double Beta Decay Study of 139Xe in Shell Model

n — P
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Feynman Diagram for Two Neutrino Double Beta (2vB[3) Decay
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Study of Ov(33 decay is important to know the Majorana nature of neutrino and
absolute neutrino mass

Our interest is to calculate nuclear matrix elements in nuclear shell model using
both closure and nonclosure approximation

We discussed some results for Ov3 decay 3¢Xe, #8Ca, and 82Se

In future we plan to explore other beyond the standard model physics

mechanisms of Ov33 decay such as left-right symmetric mechanisms
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Useful References for Nonclosure Approach of NME Calculations

PHYSICAL REVIEW C 88, 064312 (2013)

Neutrinoless double-B8 decay of **Ca in the shell model: Closure versus nonclosure approximation

R. A. Sen'kov and M. Horoi
Department of Physics, Central Michigan University, Mownt Fleasant, Michigan 48859, USA
(Received 14 October 201 3: published 10 December 2013)

The study of Ovj33 decay of '**Xe using nonclosure approach in nuclear shell model

S. Sarkar.!** Y. Iwata,”? K. Jha,® and R. Chatterjee'
' Department of Physics, Indian Institute of Technology Roorkee, Roorkee - 247667, Uttarakhand, India
y ?Osaka University of Economics and Law, Yao, Osaka 581-0853, Japan
3 Department of Physics. Medi-Caps University, Pigdamber, Rau, Indore - 453331, Madhya Pradesh, India
(Dated: June 21. 2024)

PHYSICAL REVIEW C 109, 024301 (2024)

Calculation of nuclear matrix elements for OvBg decay of '**Sn using the nonclosure
approach in the nuclear shell model

Shahariar Sarkar®,'" P. K. Rath,”> V. Nanal ®_* R. G. Pillay ®,' Pushpendra P. Singh®." Y. Twata,*

PHYSICAL REVIEW C 102, 034317 (2020)

Nuclear matrix elements for the L mechanism of Ovgg decay of *Ca in the nuclear shell-model:
Closure versus nonclosure approach

Shahariar Sarkar®,"" ¥, Iwata,” and P. K. Raina’
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