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

Interacting Nuclear Shell Model Approach to Study 0Ov@3 Decay

Results for Nuclear Matrix Elements of 4Ca, 1?Sn Using Nuclear Shell Model in
Both Closure and Nonclosure Approximations




What we know and do not know about neutrinos (v)?
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First predicted by Wolfgang
Pauli in 1930
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Neutrino mixing in the universe

* In Standard Model they kept
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Z EERCER AN What We don’t know?

> Q1. Are neutrinos their own anti-particle?

T s No: Dirac particle
< P iiii Yes: Majorana particle
£ Q2. What are the absolute

neutrino masses? 3

The universe is full of small wonders. Look Inside!



Neutrinoless Double Beta Decay (0vf3f3)
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1939: Wolfgang Furry first predicted Neutrinoless
| _ double beta decay based on Majorana neutrino
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Figl: Feynman diagram for light neutrino exchange 0vBf

Mass excess (MeV)

Fig2: Representation of the energies of the A 76 isobars But....0vpf is still unobserved even after

80 years.

If this process is observed...

. vaelu_trinos must tl)e theri]r_ Ohwl‘? aqtiparticle n 1 :’ .
_( ajorana pf_alrtlc e), w ich has |mportant s o Double Beta decay
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Fig 3: Feynman diagram for two-neutrino double beta decay



Decay Rate of Neutrinoless Double Beta Decay Ovff8: light-neutrino exchange
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Fig 4. Phase space of the nine more favorable
double-beta decay isotopes. 5
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Lightest neutrino mass (meV)

Upper limit for mgg of 36-156 meV has been determined from OvB( 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®": our research interest
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MO = M~ M+ Mg
A

* F-Fermi

e GT- Gamow-Teller

* T-Tensor

* gy and g, are vector and axial vector constant

Mg’ = (flt_17_; 0,1} = (F,GT,T)

Ovf transition operators

* FermiType: OF, = SgHg(r) = Hg(r)
* Gamow Teller type:

0f] = SgrHgr(r) = 0,.0,Hgr(r)

* Tensor Type:

01, = StHr(r) = [3(61.7)(0;.F) — 64.0,]Hy(r)

Models of Nuclear Matrix Element calculations

Nuclear Shell Model (NSM) (We use this)
Quasiparticle Random Phase Approximation
(QRPA)

Projected Hartree Fock Bogliovob Method
(PHFB)

Interacting Boson Model 2 (IBM2)

Energy Density Functional Theory (EDF)

Shell structure of nucleus
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Fig 3: Nuclear shell structure



Approximations of NME calculations: closure vs nonclosure

approximation

Nonclosure Approximation 18Ca—> 48Sc > 8T

2R °° 1 Q
H,(r,E) = — j d = =f6 | AM
(0, ER) - *jo T E T E;]p(qr)ga(q)q q Where, E, ST A

Closure Approximation

2R (® 1 |
One replaces E; + E; = (E) Ho(r) = - *]0 q+ (E>]p(qr)ga(q)qdq



Method: Running nonclosure and closure

Here....Neutrino potential are calculated explicitly in terms of excitation energy of 48Sc

(00

2R [ 1
He(r, Ey) = " jo mlp(qr)ga((ﬂqdq (n'l'Hy (r, Ep) |nl) = f R,/ Ryr?dr * Hy (1, Ef)
0

Closure approximation Eo + Ey = (E)

Nonclosure Closure approximation
Eo + Ef = 1.9 MeV + E;

o 48T
48Ca ) (Intermediate
State) (Final State)
Several Excitation
(™ = 0%g.s) Energy States
for Each J*

(™ =0%gs)

Explicit Form of NME in running nonclosure method
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Two Body Matrix Elements of Ovf3[3 decay
Explicit Form of Two Body Matrix Elements
Ov[3B transition operators
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« Gamow Teller type: NS A S Jm g
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Neutrino Potential Integral (n'l’'|H,(r)|nl)

< n'l'|Hrype (1) |nl >= j Ry Ryr2dr = Hy (1)
0

Where, H, (1) = i fooo !

jp(ar)g.(q)qdq

u q+(E)

Effects of Finite nucleon size (FNS) and higher order

current(HOC)

FNS +

neutron

proton

https://profmattstrassler.com/
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Weak interaction is

not pure V-A type at
nucleon level
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Short Range Correlation Effect (SRC)
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Figd: A general scheme for
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Hq(r) = Ho(r) (1 + ()

f(r) = —ce™@" (1 — br?)

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

BCa—-8Ti+e + e~

48Ca— 40Ca (Core)+8 valence neutron

48Ti— 40Ca (Core)+6 valence neutron+2 valence proton
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Fig 6: Nuclear Shell
structure

Valence protons
and neutrons
occupy the above
orbits of fp-model
space

For 48Ca, shell model diagonalization is
performed with gxpfla effective
interactions to calculate initial,
intermediate, and final nucleus

Calculated Wavefunctions are further
used to calculate the OBTD for
nonclosure approach




Contribution of allowed spin-parity (J;1) of the intermediate nucleus for nonclosure

approach
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NME



Dependence of NME on number of states for each spin-parity (J;;) of the

intermediate nucleus for nonclosure approach
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* For 13%Xe, we could calculate 200
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Contribution of coupled spin-parity (J™) of two initial neutrons and two final protons
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Finding Optimal Closure Energy Where NME in closure and nonclosure method
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* For 124Sn, we determined that at optimal closure energy

<E>~3.0 MeV, one can reproduce the nonclosure NME using

closure approach across all intermediate states and using
smaller computational resources



Dependence of NME on neutrino momentum (q) and inter nucleon distance (r)
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Study of A mechanism of Ovf3f3 in Nuclear Shell Model
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The Feynman diagrams for light mgg mechanism
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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-§ 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

Dugan Stefanik,' Rastislav Dvornicky.'> Fedor Simkovic,'-** and Petr Vogel®

(1) Exploited the revised formalism for A mechanism

Fronies The A Mechanism of the OvpB-Decay
Fedor Simkovic %2, Dugan Stefdnik ' and Rastislav Dvornichy '

(111) QRPA calculations with revised formalism for A

mechanism "



Decay rate and NME for A mechanism

Decay Rate
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°
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ga
1
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Transition Operator

GT,wGT,qGT __
04, = 11T (0;. Gz)HGT,wGT,qGT (r, Ex)
F,wF,qF
015 = T1—172—HF,(JL)F,qF (r, Ex)
T,oT,qT __
0,5 = Tl—TZ—(Slz)HT,wT,qT (r, Ex)

Radial neutrino potentials

Nonclosure approximation

2R (¥

f,(q, r)dq
Ho(r, El) = — =

o 9+ Ex+ (Ej+Ef)/2
Closure approximation
[Ex + (Ei + Ef)/2]- (E)
“f,(q,r)dq
q + (E)

Revised Approach

PHYSICAL REVIEW C 92, 055502 (2015)

2R
H(r, By = f
x m 0

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

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

2 9j1(qr)

1

q*
(HAi)
quT(q,l‘) ‘
_ (ga(@®) 3g%(qz) q°
= > q+ 2 42

gA ga My
20 2Vn2 2\ 3
ga(q?)gp(q”) q . 19
+ p rj1(qr)

A

quT(Q» r) =
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Summary and Outlooks
We calculated NME for Ov[33 decay based on ISM calculations

Nuclear matrix elements calculation for OvB@3 decay of
124Sn using nonclosure approach in nuclear shell
model

Shahariar Sarkar, P. K. Rath, V. Nanal, R. G. Pillay,
Pushpendra P. Singh, Y. Ilwata, K. Jha, P. K. Raina
submitted; arXiv:2308.08877

Effect of Spin-Dependent Short-Range Correlations on

Nuclear Matrix Elements for Neutrinoless Double Beta
Decay of 48Ca

S. Sarkar, Y. lwata

Universe 2023, 9(10), 444

Interacting shell model calculations for neutrinoless
double beta decay of 82Se with left-right weak boson
exchange

Yoritaka Iwata, Shahariar Sarkar

Front. Astron. Space Sci., 8: 727880 (2021)

Nuclear matrix elements for A mechanism of Ov3f3 of
48Ca in nuclear shell-model: Closure versus
nonclosure approach

S. Sarkar, Y. lwata, P. K. Raina

Phys. Rev. C 102 (2020) 034317

« Submitted to PRC

Estimation of nuclear matrix elements of double-B decay from shell
model and quasi particle random-phase approximation

Jun Terasaki, Yoritaka lwata

Eur. Phys. J. Plus 136, 908 (2021)

Isoscalar pairing interaction for quasiparticle random-phase
approximation approach to double-B and 8 decays

J. Terasaki, Y. lwata

Phys. Rev. C 100 (2019) 034325

Large-scale shell-model analysis of the neutrinoless double-beta decay
of Ca48

Y. lwata, N. Shimizu, T. Otsuka, Y. Utsuno, J. Menendez, M. Honma, T.
Abe

Phys. Rev. Lett. 116 (2016) 112502
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