Derivation and determination of nuclear matrix element

for neutrinoless double beta decay

Dong-Liang Fang
Institute of Modern Physics CAS, Lanzhou

August 21, 2025

1/38



© Background

© Formalism

© Results from many-body calculations
@ Experimental determination of NME

© conclusion

2/38



Why B 3-decay

@ Strong nuclear pairing in nuclei for neutron-neutron and proton-proton
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@ Double beta (33) decay is originating from the mass staggering
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@ Neutrinoless 35-decay is possible if v =7 and m, # 0
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Second order process in nucleus

@ The decay width of a free particle are obtained with a plane wave:

1 d®pr 454
dr_2m,-1:I((277)32E)|M m:%ZPf (2m)* 6" (pi — pr

@ For bound system such as nucleus, we can separate the wave
functions into the co-moving and intrinsic coordinates:

I(F)) = /2Eypy e Rli(F) 2)

@ Here [i(f)) are nuclear states with finite spins.
@ A more general expression for decay width:

1 dkf  dPf
ar = 2M, 1:[ (27)32Ef (27)32EF
1
[Tk Flgg T [ dxdty (M IDE (3)
Lk Flg;
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Second order process in nucleus

@ To separate the intrinsic and co-moving coordinate, on insert
[ d®R|R)(R| and redefine X' = X — R for x and y. Noticing
(FIR) = e~ 'PFR etc,

@ Therefore after integrating over R and x%, y°, we have:

dkf 44
H(zﬂzEf 27r (2m)°0 Zkf_PF

ka,f|/d3x/d3 /Hmt X)Hmt Z ZEf—‘IHz

contr
the denominator sums over all the possible contractions and all the
energies of the particle at the x vertex.
@ For nuclear community, one usually redefine the decay width after
integrating out the momentum of nucleus as:

dar = 1:[ 2 oS ZEf+EF— M))|R] (4)
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Background

@ The underlying mechanism with L-R symmetry
@ left-handed and right-handed neutrino mixing

e SU(2); and SU(2)g gauge boson mixing

As an example, we show the derivation of Ov 35 decay width with the L-R
symmetry model (LRSM)
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Background

The guage symmetry of LRSM:
SUL(2) ® SUR(2) ® Ug-1(1) ()

Fermions are assigned as fundamental representation of SU(2):

s (5) (&) s (5)(5) - @

After successive symmetry broken:
5UL(2) ® SUR(2) @ Up—1(1) = SUL(2) ® Uy(1) — Uem(1) (7)

Which lead to the neutrino mass with N, = CD,;F:

s = (o7 Tt ) () 0

Here neutrino has three generations v7 = (( ver vy v )
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Background

After diagonalization, we could have:

()= (7 v)(5) @

e Vel = Zj Uejvj + > SeyNy is the weak eigenstates
Symmetry Broken also leads to L-R
gauge boson mixing:

Wi =coséW) —sinEW,
Wg = cosEWs +sinéWy, (10)

Where £ is the mixing angle.
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Background

After diagonalization, we could have:

()= (7 v)(5) @

e Vel = Zj Uejvj + > SeyNy is the weak eigenstates

Symmetry Broken also leads to L-R dim Uym
gauge boson mixing:
Eg Vv1ay
W, = cos Wy — sin EW) R
Wg = coséWs +sinéWs  (10) vih) )

Where £ is the mixing angle. § W,

This would lead to more Ovj3S dia-

grams. LA Yim
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Background

M. Doi et. al. Prog. Theo. Phys. Suppl. 83,1(1985)
@ Hamiltonian for interactions from LRSM relevant to 0v543:

Gfg cosfOc¢

N

Here k = pa~tan( and A ~ (MV"KI) suggesting that the latter three
terms are suppressed.

@ Besides this, we have also six fermion interactions coming from
Yukawa couplings with Triplet Higgs bosons:

Hine = Z C/1,/2J3J/1J12J’3M (12)

h,hhi3

Hint (JL.IL'LL + RJ’L{/‘R,U, + UJ;%JL;L + )\JgJR,U«) (1]')

Here 1, I and /5 could be either L or R, and the coefficients C’s are
usually suppressed by triplet higgs mass, we usually neglect their

contributions
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Nuclear currents

@ The nuclear current has the form by inserting the intermediate states
Ji = (1S m) (ml 1)

@ Here | and J could either be L or R, and the left-handed and
right-handed weak current of quark has the form:

Ji = (1 —rs)y"d
Jg = (1 +s)d (13)
@ At the nucleon level, the current may be more complicated with

induced components:

) ot 5
Jiiry = V(@1 — igm(a®) 5 —av F 8a(a°)7" 5 + gp(4%)q" 75 (14)
p

@ Here gy(0) =1 and ga(0) = 1.27 and the form factors are generally
assumed to be dipole form: g(g?) = g/(1 + ¢°/A?)?
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Lepton currents

@ The weak current of lepton can be written as:

Therefore the double electron emission 4+ neutrino propagator has the
form:
Mo @ilm¥) = &1 F15)NiEy" (L F 5)N;
= —&M(lF ’}/5)N,-NJ-T(1 ¥ ,-Yg—),yuTe—T
d4q eiq(xfy)

— _js. [ 249
IU/27r4q2—mI?

x &y (1F 75) (74 + mi)(L F 15)7" €S (16)
@ Be aware of the properties of y-matrices, (1 —75)(1 +75) = 0 and
(1 =75)7,(1—75) =0,
@ We have two types of terms, namely the mass terms(same chirality on
both sides of the propagator) and V + A terms (different chirality on

the two sides of the propagator)
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Lepton currents

o After contracting with external lepton legs and integrating over q°,
we can obtain the two lepton terms with the form

SLpa(za Y; a)

VLpO’ (za y; a)

@ Here w =

w ~ |q]

&(e1,X)7,(1 — 75)10 (€2, ¥)
w4+ En+(e2—€1)/2
&(e2,X)7,(1 — v5) 706 (€1, ¥)
w4+ Em+ (1 —€2)/2
qué(ela i’)ryp(l - 75)’YM’YO'EC(E27 y)
w4 Emn+ (e2—€1)/2
q"8(e2,X)7,(1 — 75) 74706 (€1, ¥)
w+ En+ (61— €2)/2

/G2 + mf is the neutrino energy and for light neutrino

o ¢(e,X) is Coulomb distorted electron wave function and can be
obtained by the solution of Dirac equations
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@ The general decay width of Ov33 decay can be written as below
following the S-matrix theory as we have shown:

dp1  dp>

(2m)3 (2m)?

dr =27 "|R[?6(e1 + €2 + Ef — M;) (17)

spin

@ Here the R-matrix can be written as follows for general LRSM (we
focus on the light neutrino mediated mechanism)

Grcosfc ., . R dq o
R = (——) Z/dx/dy/3e'q(x y)
V2 I 2w(2m)

X Z[(JfZSLpa + Jg‘/’?SRpa) + (Jf;. Vipo + Jf%[ VRpa)] (18)
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Electron wave functions

@ The electron wave function can be obtained from solutions of Dirac

equations:
HV =(a-p—p— V)V =WV (19)
For central field, we have a polar form:
. o 1
HW = [irso( o~ = BK) + V(1) + 6]V (20)
K =& -1+ 1 commute with H and its eigenvalues are k = —|j| — 1/2

forj=1+1/2and k= |j|+1/2 for j =1—1/2.
@ The solution are with the general form U7 = a,w(g,ix,zu, ifnxzw)

df k—1
a Fo(W—-1-V
dr r ( )
1
% — WVt (21)
r

ay,, is determined by matching the plane wave solution at infinity
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Background

So the electron wave function can be expressed as:
W(e,X) = WO (e,%) + WP (e,%) + - - (22)

The s-wave has the form:

V)(e,) = ( (f_ﬁl)%xs > (23)

For S — S electrons, we could have for example:
&(er, X)7u(1 — 75) 706 (€1, %)

-, PR : 81X5
= (&nd o aRad ) —aeie ((E L e
s

For decay to ground states, only v90 term or [y; ® 7;]°.
Besides, we have also contributions from S — P electrons

15/38



Background

For derivation of the final decay width, several assumptions are used:
long wavelength approximation: e°(X) = e°(R), el(x) ~ (kx)t,
equal energy approximation: ¢; =~ ¢;

Under such assumption, for example, for the mass mechanism:

RE = [e5(ex, Ryu(1 = 78) 36 (e2, R)

9 oo . e'q(x_y) m Ui 2
U3 | d5a§ [ da_ e L m) )
= \e‘S(el,R)(l+75)e5C(ez,R)!2

US| di [ da € im0

®© 6 6 ¢
X

X
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Background

@ For derivation of the final decay width, several assumptions are used:
o long wavelength approximation: e°(X) = e°(R), ef(x) ~ (kx)t,

@ equal energy approximation: ¢; =~ ¢;

@ Under such assumption, for example, for the mass mechanism:

R~ [e3(e1, R)yu(1 — 75) e (e2, R)I?

9 oo . e'q(x_y) m Ui 2
U3 | d5a§ [ da_ e L m) )
= \e_s(el,R)(l+75)65C(627R)!2

U3 | gy [ di )<f|J £ m) (| )

@ For decay to ground states, this then can be written as:

2:|R|2 = (7(1014‘f111CO-"9)|””’E5|2|/V’|2 (25)

spin

X

X

@ cosf term will not contribute to the total decay rate but is important



phase space factor

@ Here f's are functionals of electron wave functions:

1 = le-1(kiR)g-1(kR)P? + [A(kiR)A(k2R)[?
+ |g-1(kiR)A(KR)P +[fi(kiR)g-1(kR)[?
fi = —2Relg_1(kiR)g-1(keR)(A(kiR)fi(k2R))"
+g-1(kiR)fi(k2R)(fi(k1R)g-1(k2R))]" (26)
o After integration over electron momenta,
3 3
Gol=C / (‘;Wk)l (C; ")23(51 + £} cos6) (27)
@ the decay width are well separated into three parts:
M= G%(m}s)*|M|? (28)
@ Such formalism works for different mechanism with different decay
opeartors
Mot = Z Re(C; C;)G;iM; M; (29)

i 17/38



Background

@ A complete expression for LRSM:

rvr —0%) = GU((m)M; + (nn)Mn)? + (N (G M2 -
GO M2, —2G¥OM,,- M)
<77>2(G02 M3)+ + GOll Mg— _ 2G010Mw+ Mq—
GBMZ + GPM3 — GO MpMg)

+ o+ o+ o+

(30)

(my)= ‘Zj(Uej);mjL
(nw)=| 32, etz |,
(A=ltan&3; U EJ(g(//gv)\
(

n = [(Mwi/Mw2)? >, Ug TS|
are new physics parameters
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Background

@ A complete expression for LRSM:

(0% —0%) = GO((m,)M + () Ma)? + (N2(GO2M2_

+ G011 M§+ _ 2G010Mw7 Mq+)

o MACEME, + GOHMI — 26 OM, My

- GOMR + GOME — GV Mp M)

N (30)
(m,)=| Zj(Uej)2mj|'

Se))? -

(nn)=1>_, %L g,
N=[tan& > Ui T (8y /8v), =

n = [(Mwi/Mw2)? >, Ug TS|
are new physics parameters

10°
m, [eV]
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Background

@ In above expression, we first consider the neutrino mass mechanism

o = [(m,) 26" M, (31)
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@ In above expression, we first consider the neutrino mass mechanism

Ov 2 ~01p42
™ = [(my)|*G™" Mg, (31)

Calculations of PSFs using numerical
. . Nucleus G (105 yr!) G (10715 yr! eV,
electron wave functions (Kotila et al. @@ ) Gw @@ ) Ow QD
“Ca 2481 —2300  4.27226(404)
PRCS85 0343]_6(20]_2)) 7Ge 2.363 ~1954  2.03904(16)
' 2S¢ 10.16 —0.074  2.99512(201)
%7¢ 20,58 ~1867  3.35037(289)
19000 1592 ~1425  3.03440(17)
100 110pg 4815 —4017  2.01785(64)
. N w approximate 1scg 1670 ~1483  2.81350(13)
% o dhiswork ., 124 9.040 ~7765  2.28697(153)
e 125 0.5878 ~03910  0.86587(131)
5, 130 1422 —1245  2.52697(23)
A 136Xe 14.58 —1273  2.45783(37)
5 18Ng 10.10 ~8506  1.92875(192)
= 150Ng 63.03 -5776  3.37138(20)
I 159 3015 —2295  1.21503(125)
] 190G 9.559 ~79%2  1.72969(126)
198p¢ 7.556 -5868  1.04717(311)
27h 13.93 ~1095  0.84215(246)
40 60 80 100 120 140 160 180 200 220 240 28y 33.61 —28.13 1.14498(125)

Mass Number
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Formalism

Calculation of the nuclear part (NME) depends on the nuclear structure
theory. Modern nuclear structure calculations face two obstacles:

o many-body methods
@ exact Configuration Interaction approaches

@ approximate approaches with Configuration truncations: QRPA,
DFT, IBM, ---
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Formalism

Calculation of the nuclear part (NME) depends on the nuclear structure
theory. Modern nuclear structure calculations face two obstacles:

@ many-body methods
@ exact Configuration Interaction approaches

@ approximate approaches with Configuration truncations: QRPA,
DFT, IBM, ---
@ nuclear force

Nuclear Landscape
@ ab initio:
@ phenomenological realistic
forces

@ Chiral forces

terra incognita |

o Effective interactions:

@ Skyrme, Gogny, Relativistic
mean fields,- - -
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Formalism

QRPA methods based on G-matrix with CD-Bonn potential
@ WS meanfield + pairing and residual interactions from G-matrix
o deformation of nuclei is taken into consideration
Pros:
@ QRPA is capable of dealing with intermediates states
@ Closure approximation is used for other approaches
Cons:
@ only one phonon excitations are considered
@ meanfield interactions and residual interactions are of different types
NSM method starts from G-matrix but fitted by nuclear properties
Pros:
@ exact solutions for many-body problem
@ all possible excitations included
Cons:

@ large computation burden and only applicable for limited nuclei
@ usually severe model space truncation leads to uncontrolled errors

21/38



Many-body calculations

@ The nuclear many body wave functions can be written as a Slater
determinant which fulfills the permutation symmetry of Fermions:

1 o1(x1) ... da(xa)
Al

¢(X17 ...,XA) = (32)
¢1(XA) e 0a(x)

@ or equivalently in second-quantized form:
=[Ico) (33)
i

@ Usually the operator can be written as:

O, = Z<7'1|Oi|7'2>cil Cr,

T172

O = Z (r172|Oj|m378)c] €l crpcry

T1T2T3T4
(34)
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Many-body calculations

@ Usually the single particle wave functions are expanded on certain
basis, e.g. Harmonic oscillator basis

$i(¥) =Y Ciow(x) (35)
k

@ in actual calculations, one first calculate the so-called reduced density
from the wave functions

(rlllcf&lall ) = Cok Crpe (Jelllc], &1l i) (36)
T1T2

@ Here the Wigner-Eckart theorem is used

(=1Y ™ Gy s, [ L)
Jemel[ct el ym|Jimi) = ALl 37
(Jrme|[c"c] ym|Jimi) T (37)
@ Besides the reduced one body density, we have also two body, three
body, ..., density defined in a similar way

23/38



Many-body calculations

@ Therefore, using the reduced densities, we could calculate the nuclear
transition amplitude:

Ap = Z <mef|[CiIETQ]Jm|Jimi><T1’0Jm|7—2>

m;msm

V2J+1
@ This formalism can actually be used in various occasions, if 71,7 are
with the same species, this is charge conserving transition (e.g.
electromagnetic transition), otherwise charge exchange transition
(e.g. [-decay)
@ Similar expressions can be obtained for two-, three-, ..., body
transitions.
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Nuclear current operator

The induced weak current under the impulse approximation:

> mtg"sv(d?) + g (8a(d?)o;
1

+ igm(qz)(a;nj)j — gp(q?) qg: a)]é(F— ) (39)

The non-relativistic reduction is needed for a non-relativistic system, time
component is a scalar and spatial component is a 3-vector

Jiryo(r) = ng(q2)5(F—Fn)

qjo

Jiryi(r) = Flgald®)oi — o g By
p
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Leads to:
M = dXdy——(f|JI ]
> [ Vot Ay ) ()
dzdy—2 el Juoli flJ Juili
zm:/ X ym“ [ Jrolm)(m|Jioli) — zi:< [Jeilm){m[JLili))
(41)
Substitute the detailed forms of J,, into above formula, we obtain:
M = <HF(r) + HGT(r)Jl - 09 + HT(r)(al ® 0’2)2 : (a@ a)2>
here the most important part is the "neutrino potential”:
2R [,
Hicr(r) = = Jo(ar)hi(q*)dq (42)

i could be AA, AP, PP and MM

Short-range correlation functions are usually multiplied
2

f(r)=c(1—be ) %é



NME calculation details

particle-particle vs. particle-hole channel
pp (most approaches):
@ calculations in particle-particle channel adopts the closure
approximation

Z ~ (44)
w + A w4+ A
@ The NME can be expressed by the sum of two-body density

M= " (0] llpp'ls[nn'1,10] ) (pp' J||O(A)||nn' J) (45)

pp’nn’,J
ph (mostly QRPA):
@ The intermediate states are accounted explicitly

a CTE,, m){Jm CTE,, + , ,
M= Z<Of“[P ]JHJQJ)iJlH[p ]JHO'><pHOan><pHO,'Hn>(1

pp'nn’ Jm
The two body operator and the two one body operators are connected by
a specific transformation 27/38



Results

DLF et al. Phys. Rev. C97,045503(2018)

AV18 CD Bonn
94 = gao 94 = 0.75g.40 94 =9gao 94 =0.75g.40

Mp Mgr My M{™ | Mgy Mg, My M{™ | Mp" Mgr My M{™|Mp Mgr, Mgy M{™

Ge—"Se |a|-1.09 3.11 -0.44 3.34|-1.09 3.94 -0.46 2.63 -1.10 2.99 -0.40 3.27 [-1.09 3.90 -0.42 2.64
b[-1.06 2.92 -0.45 3.12 -1.06 3.70 -0.47 2.48 |-1.15 3.09 -0.41 3.40|-1.15 4.00 -0.43 2.72

825e+5?Kr |a|-1.00 2.86 -0.41 3.07 |-1.00 3.61 -0.43 2.41 |-1.00 2.76 -0.37 3.01 |-1.00 3.58 -0.42 2.41
b[-0.98 2.68 -0.42 2.86 [-0.97 3.39 -0.38 2.26 |-1.05 2.85 -0.38 3.13|-1.05 3.67 -0.39 2.49

180Te—"Xe [a|-1.17 2.95 -0.52 3.16 [-1.16 3.37 -0.55 2.31 |-1.15 2.85 -0.46 3.10|-1.15 3.29 -0.49 2.29
b[-1.13 2.73 -0.53 2.90 [-1.13 3.11 -0.56 2.13 |-1.21 2.95 -0.47 3.22|-1.21 3.38 -0.50 2.37

136Xe—%Ba |a[-0.37 1.12 -0.17 1.18 [-0.37 1.39 -0.17 0.91 |-0.33 1.05 -0.13 1.12 [-0.33 1.29 -0.14 0.85
b[-0.36 1.06 -0.17 1.11(-0.36 1.31 -0.17 0.86 |-0.35 1.10 -0.14 1.18|-0.35 1.33 -0.14 0.89
150Nd—+'"'Sm|a-1.35 2.98 -0.53 3.28 |-1.35 3.54 -0.56 2.52 |-1.36 2.89 -0.45 3.28 |-1.37 3.45 -0.52 2.50
b[-1.32 2.74 -0.55 3.01 [-1.31 3.26 -0.57 2.33 |-1.43 3.00 -0.46 3.43|-1.43 3.55 -0.53 2.59

Mg = —%MGT approximately hold, Tensor component is about 1/10 and its

contribution is at sub leading order
Uncertainties of the calculations

@ nuclear force, quenching of ga in nuclei, SRC

28/38



Agostini et al. Rev. Mod. Phys. 95, 025002(2023)

T
| EDF @ a
7F v T
| QRPA +eox+ * .
6 Nsm TTIT * .
FIMSRG ; +0 P .
5 cc
o [ ®a .E r A . ¢
2
=] T x
s 4 R N
3 i :i = x =
% x = T O + 1
o [ 3 * x e |
x I+ A
[ +
1 =
£
[ % I
O | 1 | | 1 | |
480, 76Ge 82gs 100y, 118gq  1807¢ 138ye 1504

Deviations between different calculations are still large
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Origins of deviations

The deviations of different many calculations may come from different
factors, either from the nuclear force or many-body correlations. Some can
be qualitatively discussed.

10 T ]
=0
GCM SkO' ——— | &
5 || QRPASKO e
GCM SkM#*
QRPA SKM* wvovveeee i

-10 : . i .
0 05 1 1.5 2 2.5 3

gT:O/gT:I

For example, the lack of isoscalar pairing in EDF calculations leads to
overestimation of the NME

Hinohara et al., Phys.Rev.C90, 031301(R)(2014) 30/38



Comparative study

Brown et al. Phys. Rev. C91, 041301(R)(2015)
@ The most important error for NSM comes from model space
truncation

6.00 - E

54.00 - 1
2 //—_\

1 1
ji44  fpg sdfpg 15Lev 21Lev 28Lev 36Lev

model space

@ Internal errors may come from the choice of Hamiltonian, closure
approximation
@ External errors from src, ga quenching, etc.

o MO (7®Ge) = [2.6(3)][0.89(4)][1.01(3)][1.28(3)] =3.0(4)
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double GT

@ For shell model calculations, one finds the correlation between double
GT transition strength and Ov35 NME

@ They suggest that it comes from a similar radial dependence of the

two transition operator Shumizu et al. Phys. Rev. Lett. 120. 142502(2018)
F T T T o -
12~ Ca & (a) =
F Toe E
~ or =
+6 [ KB3G O I~ |
1 08FGxXPFiB O =
N ” E
o 08 ° =
o £ .Q ]
82 04— ] -
o2 &; 3
o=+
12~ Ge & (b) =
E se & E
~ 1 Sn ]
8 C Te @& i
‘? 08— Xe =
7 | EDF % ™ !
T %[ QRPA X A“l » -
ET £ A E
% 04:— R u vy E
C ol ¢ % X |
02— W, —
E I ! L X I 3

MMPog - O
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double GT

@ For shell model calculations, one finds the correlation between double
GT transition strength and Ov35 NME

@ They suggest that it comes from a similar radial dependence of the

two transition operator Shumizu et al. Phys. Rev. Lett. 120. 142502(2018)
F T T T o -
12~ Ca & (a) =
r Ti @ |
~ Cr = ! T
+$ [ KB o ] P s s *Ge
? 08 GXPF1B O " - L T T T T ‘7 12 ——-mg,
B osf F X E DGT o 0sE[” - Yz
5 osf o * = £ \ - 100
= F ..ﬁ 3 0.6 Ovfp decay 2 s " Mo
g oo H E 1=
E 4 A0S
o2 &; 3 < 04 4
E ] £
2 ,—f? P 1 E = 1
2 Ge = = | -
F se & B e 0.2
~ 1F & ] & .
6 C Te & | N
? 08— Xe = 0 ;
i EDFox S ] g
P 08 QRPA X AA‘. » E [ [ 25
b L | [$)
8 oaf o 3 02— (a) -T
=2 F A T x E [
E 4a u x x 7 T
o2E Wy E 0 3 6 9 12 150
oE L L L% ! 3 i [fm]

MMPog - O
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@ Similar conclusion has been drawn for the correlation between
"}/’)/-decay NME and OV,B/B NME Rromeo et al. Phys. Lett. B827, 136985(2022)

aM” (OBMS"[);;) [tk MeV1]
.
[

@ Ti
@ Cr
A Fe

46 = A =60

2.0
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~vy-decay

@ Similar conclusion has been drawn for the correlation between
"}/’)/-decay NME and OV,B/B NME Rromeo et al. Phys. Lett. B827, 136985(2022)
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two nucleon removal reaction

@ Making use of the 0" pair dominance for Ov33-NME
@ two nucleon transfer reaction to the ground states could constrain the
NME

Rebeiro et al. Phys.Lett.B809, 135702(2020)
7630

76As L — GCN50:82-CP

3\ sn100t-CP
— = snl00pn-CP
) o Experiment
10’
X
\ fe =
X A 7
s 7 ]
10 \
*
\
L

T I I
10 20 30 40 50 60 1.0 20 30 40 50
Scattering angle <®(‘M) Excitation energy (MeV)

74Ge -— 76Ge

do/dQ (mblsr)
Running sum of do/dQ (mb/sr)

Brown et al. Phys.Rev.Lett.113, 262501(2014)

TeSe - T1Ge - Ge

e Vo T wamso
f\«‘\ TN .
32\1\ = @ Pioneer work has been done for 138Ba,
HR S — . ., 136
‘- which has a similar sturcture as *>°Ba
S — @ Decent agreement between experiments
R and calculations:is achieved
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Other NMEs

76(;e 825&

AV18 cd-Bonn w/o AV18 cd-Bonn w/o
Mg -1.482 -1.600 -1.522 -1.360 -1.463 -1.390
Mgt 4.667 5.169 5.024 4.051 4.491 4.353
Mt -0.775 -0.774 -0.752 -0.730 -0.728 -0.709
MyF -1.458 -1.571 -1.499 -1.333 -1.432 -1.365
My, 6T+ 4.604 5.087 4.961 4.041 4.462 4.342
M,eT— 3.607 3.868 3.627 3.156 3.383 3.164
My, T4+ -0.752 -0.750 -0.729 -0.708 -0.706 -0.688
M,1_ -0.464 -0.463 -0.455 -0.440 -0.440 -0.432
Mqyr -0.944 -0.971 -0.857 -0.886 -0.910 -0.806
MgeT+ 4.364 4.611 4.237 3.826 4.042 3.705
MgeT— 1.671 1.682 1.440 1.431 1.440 1.223
Mg+ 2.065 2.062 2.022 1.956 1.951 1.919
Mgt — 2.331 2.328 2.271 2.196 2.194 2.140
RGT 8.873 11.240 12.756 8.045 10.165 11.510
RT -2.783 -2.780 -2.646 -2.641 -2.638 -2.514
P -0.672 -0.682 -0.630 -0.635 -0.643 -0.598

Other NMEs needed for LRSM with QRPA calculations
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perspective

A model independent route for neutrinoless double beta decay

>
oo
]
2
&
A

< 100 GeV

~1GeV

.

-~ 1 MeV

Cirigliano

100 MeV

—I dim -5 | I dm\-vl | dim =9 I
| |

v v

v

dim — 3

dim — 6

d — uev
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dd — unee

Methods

Up35 operators
n-range)

| Mp, MEZAPPRMAY agy o, b,

AAAPPP
GTsd

AP.PP
s Mg I

[

1100 = 07)

et al. JHEP12, 097(2018)

Electroweak symmetry
broaking

Match to ChiPT
(LECs in Tablo 1)

Construct D31
operators (Eq. 24)

NMES (Table 2)

Phase space integrals
(Table 4)

Master formula
(Eq. 38)
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Conclusion

@ Neutrinoless double beta decay is very good probe for new physics
beyond Standard Model

@ Calculations of NME is important for the determinations of new
physics parameters

@ NMEs from various nuclear many-body approaches don't converge at
present

@ We need to understand the underlying mechanisms of this rare process
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Thank You
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