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Nuclear pairing induces double beta decay

Neutrinoless double beta decay reveals Majorana nature of neutrino



Background

A systematic way of describing neutrinoless double beta

decay has been developed recently

BSM-Models

Ov[3B8 operators

b

~ 1GeV

~ 100 MeV

NMES

~ 1 MeV

Cirigliano 18’

-EFT’: SM-EFT

Chiral

Many
body
Methods

Advantages: better controlled errors and hierarchies



New Physics



Mechanisms

Different new physics models with broken lepton-numlber
conservation could lead to this decay mode

L-R symmetric models with see-saw
Mohapatra 81’

R-parity violating SUSY
Hirsh 95’
Extra dimension model

Dienes 99’



New

PhysICcs

Cirigliano 18’

EFT Is a useful tool to provide more complete description

- Dim-5 operator

Eklemn(Lg C(5) CLm)HlHn

+ Dim-7 operators

Class 5 Y*D

O up | cldru)(LTC(D L))
Class 6 V*H

Orren | €ijémn(€Li)(L; CLy)H,
OSI),QJH €ij€mn(dLi)(QT CLy,)Hy,
O in Eimejn<‘Lz-><@f0Lm)Hn
Orrgun | €i5(Qmu)(Ly,CL;)H,;
Orewarr | €5(L7 Cype)(dy™u)Hj

V2u

Dim-3 operator: mass

Dim-6 operators

2GF [ 6) _ _ _ 6) _ _
NG (Céﬁm ur"dr €Ri Yu CVg,j + C\(/f){,ij urY"dR €R,i Vu CV%,j

V2

6 _ _ _T 6 _ _ _T
+Cé}2,z'j urdr €L, CVL,j + CéL),ij updr, €L CVL,j

+C) apotdper o C’D%,j) +h.c.

Dim-7 operators

2G <
l (C\(/? i ury'drer; Ci 0 MVLJ—l—C\(,l% i upY'drer;,Ci 0 MI/LJ>—|—h C.

Dim-9 operator

= Z [ (c,fig rCéL +CY) eLCeL> 0; + C Ve, vsCe” OZ’-‘]
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Viatching at nucleon level



Operators for free nucleons .
Cirigliano 18’

Y [, —
Nf*l&%ﬁﬁﬁ+-“znﬁﬁ—ﬁjs+nub+¢RWJﬁiN' /jy//’ ‘///

N

+ Matching following XEFT technique for dim-6,7 operator

I I ; 2
J‘/j — gv(q2) (U,U + %) + %swaﬁvasﬂqw s+ip = _T { (6) e CI/L + Cé%z (7™ )VLCBL} ,
2 2GF
no_ 2 w_ O . ! M mg. —ip = C(G) )eér Col + CO* ()T Ce ,
S QA(Q)(QS e 22 (p+P)>+ oy 2050 3 { s ( 1 +Cs (T)rp L}
2G [ A
Js = gs(a®) I, = \/_Z( | = 20Vigeryuvs + v O ery, CoF + e, Cid ot | + hec.
, I
gr\d 2
Jp =15 WEN )S'q’ Ty = \/CiF (rt ) C\(,f){ erY.CVL +C\(,7f){éL C’i?uﬁg] +h.c. ,
2v
wo_ 2\ _pvas Pa+00 o or(@), .., L 2GF 6
L e e e e O M e om it

- Lepton parts are treated as external currents
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Operators for free nucleons

+ For dim-9 operator

. [gg?wc(g)L/éﬁLZlu + (92 Céi) + g3 C?E?) Tr (UrTUTT)

4 1L
_ C_T
+ (ng” ﬁ) + g:" é?}) Tr (UT+UTT+>} —6LU56L + (L < R)

gAngC'fi)FOQ [NS“UTT+uN Tr (uuu T u 5

_ _ cr Cel
g{VNC’ﬁi) (NuTTJruN) (NuTTJruN) CLTCL

VP
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+ (giVNCﬁ) + géVNCéi)) (NUTT+UN)(NUT+UTN) "
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Cirigliano 18’
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EXpressions for nuclel



DeCay rate Cirigliano 18’

= RN
I e

\/
AN

- The master formula for decay width (O+—>0+):

_1
(Tf/yg) — gfix{Gm (!A,,P + ‘ARP) — 2(Go1 — Goa)ReA* AR + 4Go2 | Ag|?

+2Go4 [|Am. |* + Re (A, (Ay + AR))]
—2G03 Re [(Ay + AR)A*E —+ 2~Ame~A*E]

+Gog ‘.AM|2 + Gos Re [(.A,/ — AR)AM] } .

13



Decay rate

2
Ay = T ) TN g6 4 TN p0) g TN g(0) Ty MO

v |
e mMe mMeU Me M MMV
2

Ap = My + MEe A, = MO 4 MY oAy = N g9

™m m
© © MV

M’s here are the combinations of NMEs, for the neutrino
mass mechanism, we have Mg, Mgt and M~

1 m?2 gV N 9
MP = _y2 (——MF + Mar + Mg + 2559y Sd) MY =MD,
QA A
1 1 ap PP 1 ap PP
M(Vg) - 21772 7r7r)L <§MGT,Sd + MGT,sd + §MT,sd + MT,sd
N
2 m?
7r 0(9) MAP MAP o 7T C( ) M ’
QmN 7rNL( GT,sd T T,sd) 9124 mN NNL*HF, sd

Many approximations are used here
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Decay rate

Mk, McT and Mr are the long range Fermi, Gamow- Teller
and tensor parts we are familiar with

Mer = Mgy + MgT + Mép + ME My = Mp" + Mp" + Mp'™

d

2R
Where M,’<=<f|—[h,’<(q>j,<qr> 9 6,1i)

2

Short range NMEs are similar M, = <f|27RJh{<(q)j,(qr)qq+dg 0, )
N

All these M'’s can then be expressed in 15 NMEs
My MY MY MIE MUY M M MET M

AA AP PP AP PP
M ,sd MGT,sd MGT,sd MGT,sd MT,sd MT,Sd 15



Decay rate
Stefanik 18’

A comparison with LR symmetric model in traditional
treatment where left- and right-handed neutrino are
treated equally (short range mechanism neglected)

v -1 |m g [m g
[T1O/2] :gi|MGT|2{Cm ( il ) + Cpua mﬂﬂ (L) cos Y

me

o 8Ly o8 s 4 Cos (12 + Cp () Cop (1) (1) 05 (1 — w2>}

e

Where
Com = (1 = x5 + x7)°Go1, Con = %x3.Gor + s xi_Gott — 2 x1-x2+Goro + xpGos
Coy. = —( — xr + x1)X2-Go3 — X1+ Goal, — xpX&Go7 + XzGoo,
Con = (1 — x5 + x7)x2+Go3 — x1-Goa Con = —2[x2-x24Go2 — 5(x14 X2+ + x2— x1-)Go1o
— XpGos + xrGoel, + 5x14+x1-Gon |.

Ci = x3-Goz + 5x7+Gont — 5 x1+x2-Gono,
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Decay

he rich structures for these NMEs are presented

X1+ = XqGT — 6XqT T 3XqFa X2+ = XGTo T XTw T XFw — %Xu:-

These are terms from the helicity exchange terms in
neutrino propagator

Mor.ocror = Y (Aflhor.ocr.or(r-)OF.cr.7 [ Af)
MyF 4GT.qT = Z(Af||th,qGT,qT(7’—)OF,GT,T||Ai)
And also time-space components and recoll terms

. (r_xry) .
Mp =) i{Arlhprog ol ———= G| Ai)

Mg =) (Aslllhrc(r)Ocr + her(r-)Orl|lAj)
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Decay rate Stefanik 18’

A comparison with LR symmetric model in traditional
treatment where left- and right-handed neutrino are
treated equally

Sl e L
[705] =g1|MGT|2{cm ( il ) + Cpy mﬂﬁ (1) cos Yy

Me

+ Cp—22= 381 1y cos ¥ + Cop (M2 + C, (1) + Ciy (1) (1) cOs () — w2>}

e

A direct comparison with SMEFT haven’t been done
(Tl/z) - 9%4{6301 (|~Au|2 + |-/4R|2) — 2(Go1 — Goa)ReAX AR + 4Go2 | Ag |

+2Go4 [|Am.|” + Re (A, (A, + AR))]
—2G03 Re [(.A]/ + AR)A*E + 2~Ame~’4*E:|

+Gog |AM’2 + Gog Re [(A]/ — AR)AM] } .
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NM

Cirigliano 17’°, Hyvarinen15’, Barea 15’, Horoi 18’

+ NME correspondence in different references

NMEs | Ref. [76, 84, 85] Ref. [83] Ref. [32]
Mp Mp Mp MF po. Fq
Méq Meq Még Marw,crq
Mgy Mgy Mgy A™e Marry + 3 Maror
My My Mgy —EMaran
2
MMM r2 MMM MMM "M gy MR = %MGW
MAA X X X
MpP MpF MpP A My + 5 Mrpog
Mz Mz M — &t Mro,
2
| g | g oM
MF sq Tzt Mpsa Tt M sa e Mpn = gz My
Méﬁsd %Méﬁsd TN Mé‘;},sd mfnng?N Marn = %Mé?
Mé’ﬁ,sd %Méﬁsd %Méﬁsd %MGTlW
M s %M(Jiﬁsd P MET §(Mgrar — 2Marix)
Mz | PeptMply | PeptMpl §Mrin
Milf,ii %Miﬁ,; mren—n%NMYIijfd %(MT% — 2Mr17)
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New Contributions .
Cirigliano 18’

- The requirement of
renormalizablility of xEFT

-+ A contact operator need to

be prompted to LO to cancel
the divergence

- The operator is actually with a simple form

V,cr = =2+ 2)+

- The LEC needs to be determined
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Approaches

Modern nuclear structure calculations relay on our
understanding of nuclear force and many-body

correlations
For the nuclear force used in many-body approaches:

Realistic nuclear force — derived from bare nucleon

force and softened by certain methods (ab initio)
IMSRG, ab initio CC, VSIMSRG+NSM, ...

Phenomenological force — starting with certain
symmetries and the parameters are fitted by nuclear

properties
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Approaches

Most traditional methods used in double beta decay calculations
are based on phenomenological forces

Shell Model (configuration interaction)

D

based on relativistic and non-relativistic mean-field

GCM based on DFT

QRPA based on DFT or phenomenological mean-field

Geometric models without explicit inclusions of nuclear forces:
oSU(3), IBM etc.
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Results

The light neutrino mass mechanism has been in last decade well
investigated although the new LO terms haven’t been included

It is Impossible to give a complete list

NSM: renormalization of operator; larger model space
Caurier 12’°, Horoi 13’°, Menendez 14’, lwata 16’, Menendez 18’, Coraggio 20’
QRPA: isospin symmetry restoration

Mustonen 13’, Simkovic13’, Hyvarinen 15’, Fang 18’ , Lv22’
IBM: ISR

Barea 13’, Bareai?%’

PHFB
Sahu 15’°, Rath 19’, Wang 21’

DFT(+GCM): relativistic
Vaquero 13’, Song14’, Yao 15’, Song17’, Jiao 17°, Wang 23’
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Results

Compared to light neutrino mass mechanism, there are less on
heavy neutrino mass

SM: renormalization of operator; larger model space
Horoi 13’, Menendez 18’

QRPA: isospin symmetry restoration
Hyvarinen 15°, Fang 18’
IBM: ISR
Bareail?%’
PHFB
Rath 19’
DFT+GCM: relativity
Song17’
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Results

Deviations from different methods Agostini 22’
I I
| EDF & AV i - EDF v
7F BV T . 10 BV T N
- QRPA +ex+ * . i . QRPA ]
6 — NSM TT T % v ° _| 8 ; NsM LT ;
FIMSRG T T * v |
L A |
C>>§ - X 7c>>§ B v —
4 ° + ] v v v
I a v v
3 . - . i {
- v " * - I o +H 4 I HI I M B
i x T
2 +_‘ ) T . = :I: I
: + & : 2 A T ] I -
1~ x I — II
O : *\ f::[ | | | | | | | : O i \ \ | | | | | |
48, Ge 825¢ 1000 118cg 130T 190y  150Ng 8o,  T6ge 85 100 160q 130T  136ye  150Ng

Different mechanisms have different deviation

Originating from various sources
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Results

25 —
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I I )
Comparative studies between SM and EDF Menendez 14
. |I5DF s;oh | - . | | u éM isc;sp. p;oj— 6 0 - - - - - - - - - - — 0
. —-— EDF full AN e SMull o |
—_-:_\ ey gl : =B
\\\ o — ] -0.2 /':.;.r:’l—l i _ h //
\\ 4 //// , L o _/L____ 1
\ | /
\ o CDEO > 0.4 //
\ - \\:\\ A ELL /,‘/ "'E
\ T T T T -0.6 . 1,
\\.*\.\\\.___. u — e —— ] T T T T T T T T i
50Ca—> 50Ti b) “8Ti— “8Cr 0.8 71 ¢ ' J/ |
(8) ~ Ca— "Ti (®) o (c) °Ca—5°Ti | | (d) 48Ti— 48Cr
T 246810 02 46 810"
Seniority Seniority Seniority Seniority

They come out with the conclusion, SM and EDF are similar
at some level when seniority is O for SM and only spherical
shape are assumed for EDF
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Results

Brown 15’
= [3.03)][1.2(2)][0.97(3)][1.12(7)] = 3.9(8)
N — [155(10)][1.65(25)][0.80(20)][1.13(13)] = 232(80)
— 1 v T v 1 713 — T T T T L L BN B B B B B
76 76
experiment 76Ge QRPA ([29]) AGe QRPA ([29]) Ee
_ |L_QRPA(21 orbit) QRPA (21 orbit) . QRPA (21 orbit)
% QRPA (fpg) xx QRPA (fpg) .x QRPA (fpg)
- QRPA (jj44) o QRPA (jj44) :( QRPA (jj44
Cl (jj44) . Cl (jj44) Cl (jj44)
XA R ==
IBM (jj44) . IBM (jj44)
L L L | L L L | L L L ' ' ' | ' ' ' | ' ' ' RN NN EEEEE NN NN
0.0 0.2 0.4 06 O 2 4 6 O 10 20 30 40 50
M2¥(GT) (MeV-) MOY(GTlight) MO (GT-heavy)/10

- comparative studies between SM and QRPA and
estimations of errors
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Results

10

X Sph (PC-PK1)

16 | O Sph+PNP (PC-PK1)
14 | —@— GCM+PNAMP (PC-PK1)
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12 H --&- GCM+PNAMP (D1S)
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- Experience from DFT+GCM

Yao 15’, Hinohara 14’
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Results

Agostini 22’

-+ Converged results are expected

\ \
4803. 76Ge 8286 100Mo 116Cd 130Te 136Xe
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NME from experiments

- Are there any observables which ~ Rodin 09

AS
can be related to the NMEs?
DIAS
—arly attempts are to relate the
~ermi NME with double Fermi
transition or coulomb excitations (Z,N) / \
- (Z+2,N-2)

2 . .
MY ~ - @1as{0 | T~ |TAS)(IAS|T~|0;)
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NME from experiments

The idea of EM transitions from DIAS to ground states

has been formulated w

a MY (Ofjas — 0) [uf MeV~1]
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NME from experiments

Above results has a similar nucleon pair structure as double

beta decay Rebeiro 20’
2 ~ 36
i @ | — Experiment -
10F 82S B 4lev. [g =2.30] M™=1.12 —g 3.2H == snl00pn-CP o
v E  H— snloo-CP |
sl © | u st o155 M2 Q 28H— GONSO082-CP i
I 6lev. [g =0.94] M"=4.07 o !
pp B
o 6r B 9lev. [z =087] M"=427 3 24
N—’ L G F
= S 20F
> gk
% 16F :
o)) £
=
= 1.2F -
= _
=}
& 0.8 i
T 1 5 [ 5 [ = | @
L 0 10 20 30 40 50

Excitation energy (MeV)

Two nucleon removal amplitude constrained with charge
changing (p,t) reactions
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NME from experiments

Recently, the measurement of DGT for determinations of

double beta decay matrix elements are proposed
2F o e o v 3 Shimizu 18’
- Ti & ® .
—_ 1~ Cr ‘ _ T | T | T | T | T 1 | I | |
+65 [ KBG O - . - -
1 08GXPFIB O ] DGT —— 136y
g) o.sf— EDF % . :K E 0.6 Ovpp decay — 0.003
(;DE 0.4f— I? —f | i
J’ 1 - 0.4 — 0.002 §°
oz - 1 E 2
o — & | — = ] o)
t2p G o (®) x 1 = 0.2 — 0.001 =
1 > ? * ¥)§§'§K = (I_D %
ng, N ?2 : :: ®x 1 O 1 A
T 08 Xe @& « - 0] 0
+.§> 0.6 — EDF X A“I- »» _:
59 °F QRPA X A'Yy ] - =
o 04f N ..vv.w - -02 (a) —— (b) — -0.001
= eam T x xS I | |
0.2 _ "~ x n 1 | 1 | 1 | 1 | 1 | | | | 1 1
- | | x| . 0 3 6 9 12 150 200 400 600
0 1 > 3 4 rjk [fm] q [MeV]

MOvPPo} . — Ofs.1)

What they found in shell mode calculations,
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NM

= from experiments

Residuals

Isospin-conserving

mm p-shell ¢
e [M-GCM
®  [T-NCSM -~
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© NSM(72 < A < 84)
© NSM(124 < A < 136)

O QRPA

3 4

A=Y/S(MPY(1b + 2b) + MI¥)

-+ Some claim a strong correlation between DGT or 2v(3[3
and Ov(3[3, while others doulbt
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Conclusion

- New formalism of double beta decay based on SMEFT
frame has been proposed

- But deviations are still presented

- Deviations among traditional many-body approaches are
large and we are trying to understand the reason

- There are also efforts of constraining the NMEs from
experiment side
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Outlook

- A more complete expression is heeded for non-standaro
mechanisms

- With more powerful HPCs, we are confident that the
calculations will be more precise

- More measurements will help determine the NMEs
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Thanks for your attention



