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Masses in the Stellar Graveyard

in Solar Masses

Updated 2020-05-16
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

Early Universe
quantum Supermassive v
fluctuations binary black Compact object Merging binary
hole mergers captures by stellar remnants & 1k n S 53>
supermassive \ ~ A
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Outline

<4 Introduction to 0v45 decay

» Significance
> Status

4 Advances in (ab initio) modeling NME of 0v45 decay

» Challenges

» Achievements

4 Summary and Outlook
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Contents can be found in the talks ...

Workshop on neutrinoless double beta decay,
May 19-23, 2021 SYSU (Zhuhai)

https://nldbd-china.github.io
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What is Ovgp decay?
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o Maria Goeppert-Mayer(1935): 2vpf decay
e Ettore Majorana (1937): neutrino:anti—neutrino

e Wendell Furry(1939): Ovpp decay
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Why Ovpp decay?

Schechter-Valle Theorem (1982):
If the Ov33 decay happens, there must exist an effective Majorana neutrino mass term.

Even though this mass is too small to
— explain neutrino oscillation data.

om, < 0(10%8 eV)

- - -
- — — Y
Ve € € Ve Duerr, Lindner, Merle, JHEP, 2011;
Liu, Zhang, Zhou, PLB, 2016
Significance

> Nature of neutrinos: Majorana or Dirac

> Lepton-number-violation process (implication for matter-antimatter asymmetry)
» Effective neutrino mass

3
(m > 2 2 |V(r> — U(:jlvl>’
Ov 1—1 4 BB 0 —
[T3/2]7" = 9aGow 'M g T j=1 T
Me
3 o o S Flavor Mass
(mgg) = Z U;imj = mici,c13 + masiycze ™ + mysize" (e,mu,tau) (1,2,3)
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Why Ovpp decay?

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

(Usy Uen U,
U = Uy Up Ug
\UTI UTZ UT3
(1 0 0 crs 0 spe™\( cpn
= 0 C23 523 0 1 0
\O —S523 (23 —S|3€id 0 C13

=512

Current information on neutrino parameters from
neutrino oscillation measurements

0.250 <s7,(0.297) < 0.354,
0.0190 <s57,(0.0215) < 0.0240,
0 6.93 x 10eV* <Am3,(7.37 x 107eV?) < 7.96 x 10 eV?,

0| P 2.45 x 107eV* <Am3,(2.56 x 10°eV?) < 2.69 x 10 eV~
1

Two potential mass orderings of neutrinos: normal ordering or inverted ordering?

m?
A -V,
NO "l 10
BE=m \'T
"?32——

solar~7x10 3¢ V2

atmospheric

~2x1073eV?2 .
atmospheric

)

',1'72—— S _ ~2X l()_‘le\"-
2 _—

solar~7x10"eV~

2
"?I B

m?
A

o
a4

2
_._ﬂll

2
__m;"

Stephen F.King,PLB(2016)
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Why Ovgp decay important for neutrino physics?

If the Ov[33 decay is observed, the neutrino mass (hierarchy) can be determined,
assuming the “standard” mechanism of exchange light Majorana neutrino,

(mgg) |’

D)™ = 9aGos | =0 | IMET o ﬁo
* o—~0

E : 2 2 2 2 2 Y i —25
<’nﬁﬁ> = Uej’nj - ’nlclzcl3 + Inp_SlzCBemz' -+ ’n3sl3el(‘73l )

=1
! “standard” mechanism
}CdseYZrTIgld}
Cdy
1 - l {Te
- Mo
; T !
- - Xe
3 10-1E Current Exp. y - l
10~k 3
i NO I
107F 3
C 1 1 Illllll 1 lIlIlIll 1 llllllll 1 lllllll’_llllllllllll
10 1070 102 107! 50 100 150
mlightcst (eV) A
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Race to Ovjp decay

LONG RANGE PLAN
for NUCLEAR SCIENCE

RECOMMENDATION Ii:
“The excess of matter over antimatter in the universe is one of the most compelling mysteries in all
of science. The observation of neutrinoless double beta decay in nuclei would immediately
demonstrate that neutrinos are their own antiparticles and would have profound implications for our
understanding of the matter-antimatter mystery.

“We recommend the timely development and deployment of a U.S.-led ton-scale neutrinoless
double beta decay experiment.”

INITIATIVE B:
“We recommend vigorous detector and accelerator R&D in support of the neutrinoless double beta
decay program and the EIC.”

US DOE has scheduled a portfolio review of DBD in July 2021

20
> 1HH AT ARZERZF
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AR SR

—— China JinPing Underground Laboratory
g
. P R » 76Ge (CDEX-300)
g m;@ FPEEN R R | ' ey <
g EREE TR R Mountain
% . 7 p 82
: T TR Se (NvDEx)
u AR
#
o » 100Mo (CUPID-China)
) (2020)
» 136Xe (PandaX-4T)
: wp 4 42 K E i i
JIB » 136XeT);130Te (JUNO-0v4P)
150N d -
= Bz
116Cd o i .r""
110Pd :
136
7=50 ) . 130Te Xe
82Se 124§
6Ge o y N=82
_ 3 100Mo
z=28 . 967y
=20 [= . “N=50
48Ca
© 2030¢, IHINSIUNORGEROVBRS., IS
NeB 130Te, BRYPEBIRS>20(F, |m,,|REEEEmMeV

e N K >3 o
2 1 _—= : Taishan NPP
— -

Yangjiang NPP
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Current status of experimental searches

Q 5 KamLAND-Zen

Sahaes
1 &
\ }‘, :{v\l‘ r /) CANDLES

= Proposed/future experiments:

= Experiments taking data as of November 2017: * CANDLES, *8Ca in CaF, at Kamioka Observatory

= MOON, developing %Mo detectors

116 :
* COBRA, “"Cd in room temperature CdZnTe crystals = AMoRE, 199Mo enriched CaMoOy crystals at YangYang underground laboratory(23]

13 :
* CUORE, "*°Te in ultracold TeO; crystals « nEXO, using liquid "38Xe in a time projection chamber [24]

= EXO, a '36Xe and '34Xe search « LEGEND, Neutrinoless Double-beta Decay of "6Ge.
» GERDA, a "®Ge detector * LUMINEU, exploring Mo enriched ZnMoQj4 crystals at LSM, France.
= KamLAND-Zen, a 136x e search. Data collection from 2011.[21] = NEXT, a Xenon TPC. NEXT-DEMO ran and NEXT-100 will run in 2016.

o . o » . 13
= Masorana, using high purity 76Ge p-type point-contact detectors.[22] = SNO+, a liquid scintillator, will study '3°Te
« SuperNEMO, a NEMO upgrade, will study 82Se

« TIN.TIN, a '248n detector at INO

source: https:/en.wikipedia.org/wiki/Double_beta_decay = PandaX-lll, an experiment with 200 kg to 1000 kg of 90% enriched 136Xe

22 \ NP
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Current status of experimental searches

GERDA 127.2 18 > 18 <79-180 Agostini et al. PRL 125, 252502
(2020)
76Ge
MJD 26.0 4.8 >2.7 < 200-433 Alvis et al. Phys Rev C 100,
025501 (2019)
130Te CUORE 288 2.8 > 2.2 < 90-305 Adams et al. arXiv:2104.06906
(2021)
EXO-200 234 .1 5.0 >3.5 < 93-286 Anton et al. PRL 123, 161802
(2019)
136Xe
KamLAND- 504 5.6 >10.7 < 60-161 Gando et al., PRL 117, 082503
ZEN (2016)
T1/251026yr mgp<0.1 eV Slide from M. Dolinski

51 HH

23

AT KREIERZF P




Next-generation tonne-scale experiments

> s s i s s e s s | | s
2, 76Ge 100Mo100Mo i 130 e 136X e | 136X e 136X e 136X e 100V o i 130Te (136Xe i136Xe
-1 ' ' ' ' ' ' ' ' 1 ' '
=10 . . . .
c
O
>
> A
.“;n‘
o [o}
-
o v
3
= 1072 10 meV
o
™
- Next Generation
Lege, CUpyr CURY SNO, , Pany,. Kan,, NEx, "Exp CUpyy Thej, NExy. The,
END-, O/é) /D,reac;// dax‘/ll.n;LANDahHD O /D.IT Iaq-e T.BOLg.Xe
0 00g “<*2e,

Figure from G. Benato, Y.G. Kolomensky
Methodology from Phys. Rev. D96, 053001 (2017) 24
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Why the NME of Ovpgp decay?

Ov 1—1 4 <mﬂ5> Ov |2 s
g S — G M PP il S Wit Al it it Wi Wil Wit At it Wi
1/2 gA Ov E - -
& N - S
Large uncertainty due to the discrepancy i mas @ ISR 0000 o
in the NMEs by diff. nuclear models. >
>
9 ' ' ' ' ' : : ; : g
2102 was SRR . - - SERRLERRLERRS 10 mev
Ov __ ANOv o . B ASMO NUO ’ | ‘
M = (¥ p|0%|¥;) e
— Next Generation - T oo INeXT-INeXE
L L 1 1 | | | l
L C C S, A, K N, C The: N Tha:
A A v
= n
¢ Nuclear many-body calculations (challenge)
Effective Field Theories for Ov /33
[RF%BERE: BEFSHITH
A
* ’ — v v
g- é? g — di";77 dim|79 Electroweak symmetry
. ~100GeV |- vV v v v preang
E Ty Tm =6 ) =G
g mgs 1 v — v d — uev (d — uev) ® 9, dd —>luuct ":"":‘g“ T°$“;|W1
] _ ] ~1Gev | vV 13 - e
e Lepton-number-violating (LNV) mechanism glod booed oo ) fos e [oopmee] (o]
- 100 MeV _g t Ouﬂsf#mm i — operators (Eq. 24)
PP _ . . . ~ “ﬁ‘&¢wtsuamen
Low-energy” effective operators in 4 3 B O W e T
the “standard” mechanism ey |FEE [ l R —
mgs y .
v TIU;/2 (0+ - 0+) (Ig::]s‘t;;,fonnula
©?2018 W. Dekens and J. de Vries
\_/
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How to modeling atomic nuclei?

Degrees of Freedom Energy (MeV)

¢ Nuclear many-body calculations (challenge)

: 0%°0 -
S ———— Vv’ Ab initio methods
X . . . .
S @ ... v’ Configuration-interaction shell-models
(o [ [
% conelb cunrs V' Nuclear energy density functionals
S :
Q
G@Q 40 j Collective models
pion mass
baryons, mesons o
9 8 Nuclear Landscape
g proton separation —
2 SN é::r::i::)l'ation Interaction
g R Density Functional Theory
@B
S
Q 1.32
vibrational

state in tin

nudeonic densities
and currents

0.043
rotational
state in uranium

collective coordinates

multi-faceted nuclei

The Frontiers of Nuclear Science: A Long-Range Plan, 2007.
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T T T T T TS e Current situation:
f A NREDF f
8 - 4 (R)QRPA -
I 9 (e | » Differ by a factor up to 3
‘ . ] L] ] ] [ ] ]
6 : g 4 = N & » Difficult to trace the origin of the discrepancies
2 5 A "
= A o 4 2 . . .
4 A <. $ <« 5 - e Different effective interactions
- & - . . . .
s " " L IS T * Different many-body truncations (approximation)
B < o B
- . :
o L | l | I | | | I I am
*Ca"*Ge*se”Zr"Md'"°Cd"*sn’'Te °Xe'’Nd ‘

Ongoing efforts :

» Understand/Reduce the discrepancy among
various phenomenological models

e Same interactions, different many-body methods
e Same many-body methods, different interactions

27
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Understanding the existing discrepancy

» ldentify relevant degrees of freedom for Ovf33 decay 6 — ; , — '
- C.F. Jiao, J. Engel, and
. .. 5¢ J.D. Holt, PRC (2017) -
e higher seniority components . .
e Iso-scalar pairing 4r JUN45 GCN2850 ]
. : ' GCN2850 ‘
e Shape mismatching & ) & TR o ptedg
! o - )
o
2 - KB3G .
-> quenches NME : SDPFMU-DB ]
1+ ¢ 1] -
2.5 ———— . — . —— 0- .
—_— sph ° SM isosp. proj- 6 = ho — g=1 gt 5, — = ) Qok . . l . . .
| o —-— ngiﬂi: SN . Ml =1 “;1 G Sudn T K:ZQQJ‘Q' “Ca “Ca ™Ge ™Ge ¥se Ge
2 \.__.—___:T__.____:____.: '—._______—___' 1 1
| [ l4 "N PP g Y FHIRE
T S KB3G —e—
1 o - 1+ \"- 1 o T HcoII. -
50 1_5;).. L 48 48 1 Ca—Ti Hco”_(no Q:_Q) -.l-
(a) *>°Ca— °°Ti (b) *“Ti—""Cr 4l Heon (no PTP) - -m
0.5 . N i - Heon (no PIP, F1F)
0 ‘ , 0 \
[ N .
-0.2 - .- BN T [~ R - - _ =
A I ey — 9
, 04+
OLL | / §
L Py Mo
0.6 - 11 o i '
S [T T T T T T T T T 2 L
-0'8 —_. i I /v 1 O . ; ; . (. rl rl rl :. . 5 i
| © %Cams 1| [ @ *Tim s | 22 24 26 28 30 32 34 36 38 40 wt ool i Y
1 . . . . s ‘ - ] . . -_3 Nparent -0.4 -0.2 0.0 0.2 0.4 0.6
0 2 4 6 8 10 0 2 4 6 8 10
Seniority Seniority ﬁ
J. Menéndez et al., PRC (2014) J. Menendez et al., PRC (2016) L.S. Song, JMY, P. Ring, J. Meng, PRC(2014)

28
> 1HH AT ARZERZF



Recent progresses in phenom. studies

> Correlation between diff. quantities — w a
- | 12(—:% 7'{':!',‘;:,\. |0t (DIAS)) 7_/ 0% (BByirer))
DGT: (0}, 11 X, Iy x oz 1110, »
ik -

13634

N. Shimizu, J. Menéndez and K. Yako, PRL(2018) B. Romeo, J. Menéndez, C. Pefia (2021)

[ | I ]

1.2 —— Ca ’ (a) ‘ —— N S B L I L L l L l L I L L I LI i
- Ti & ] F . mTi ]
~ 1 Cr ] - °. . mCr
+ 5 - KB3G © - . 201 . o SF -
o L -
1 O8[GXPF1B O ] : )
+ 8 5 EDF % B LS B
8 0-6 [ X ] = * .’ ‘e A
5 5 n ﬁ ] LoF * e ee ]
o B - . "__ * o __:
s 04 . L N
- . > R ‘e -
02 ﬁz = CRE] . :
~7Z L oo 46 = A =60 -
- - o * -
O f' } } } E () _l l l % I _— 1 % l Ll l % l l Ll } | I % Ll l—
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Recent progresses in phenom. studies

> Impact of higher-order deformation (triaxial)

AEPETT: ST

Y.K. Wang, PW. Zhaos, J. Meng (2021)

7%, . . 7, »
- Axial ¢ - Triaxial “¢

& w Ydw  Togy @ Tk Y (dey) Tge o Tldeg)
4 reg ' RHs 4 9y &g{ 3.9
" \ AN\ »
e N o || - &
0] 4 —_—
A e ed 0 e e el 2.8 e Vo S v

22 03

6\
o 30 3L
} 2|
G 2r i
gt L
;52 1F 1F
N [l
-1 ] ] ] ] | ! -1 1 ! ! ] ! ] GCN2850 JUN45
A% AA AP PP MM Tot \AY, AA AP PP MM Tot Axial GCM 393 351
Triaxial GCM 2.56 3.16
Exact 2.81 [6] 3.37 [35]

v KAEGIE EAIERETTIELY S S ERETER) 85%, FEIRANSSHY
\= ‘Z\ \\
AEIHIRmE/10% ~10% reduced if triaxial-shape fluctuation is included.

v ER=HWEERE, ZETTEM 2.8 18NF 3.9, 1EIEZ 39%
CFJ, J. Engel, and J.D. Holt, PRC 96, 054310 (2017)

Comparing apples to oranges?
> Ongoing efforts...

Variation after projection (VAP) (Z.C. Gao, etc)
QRPA (D.L. Fang, C.L. Bai, Y.F. Niu, etc)
Nucleon-pairing-approximation (NPA) (B.C. He, S.Y. Zhang, Y. A. Luo, etc)
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Nuclear Matrix Elements of Ovgpg at the Crossroads

Phenom. ADb initio

studies studies

31 .
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Modeling atomic nuclei from first principles?

e Construction of nuclear force directly from QCD (difficult)

Quark and gluons: R
Non-perturbative nature of BRI S et
strong interaction in the ~ {_ |

low-energy regime relevant
to nuclear physics

Created

A%%i;il@?ne o
@@

Proton Neutron

* Nuclear force from Lattice QCD (infancy)

Computation challenge at physical pion mass

QCD Lagrangian

800 ¢ 100 T T T »
l o (1L - [ 2. 05 . ] “ 320 &
L=~ ll‘ F. + > qlin(9, —igA,) —my)q 500 f _ 1"
q w.dscht : : . 50 ¢ 7‘
> 400 | ., H
= 3
—J) P> <g— _ L 200} LIE
: ' L A;_ -50 1 ]
a : 100 ‘@ 00 05 10 15 20
A A | : } : 0 - k & “ a & & & 5 & & 8 »

_ ° 0.0 0.5 1.0 1.5 2.0

r[fm]

~ & 7
s d HAL QCD collaboration
© quark A gluon Ishii-Aoki-Hatsuda,
30 PRL99(2007)022001
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Ab Initio modeling of nuclear Ovgp decays

Our goal is to provide ab initio calculations of the NMEs (personally):

e in nuclear many-body methods with controllable approximations

e using nuclear interactions and weak transition operators
derived consistently from an (chiral) EFT

e with the feature of order-by-order convergence.

Clarifications (Three Not Necessaries):

¢ Nuclear many-body methods not necessary to be full configuration-
interaction

e Nuclear force not necessary to be derived directly from QCD in terms of (q,g)

e LNV transition operator not necessary to be derived directly from a
fundamental theory (if any)

How to determine the potential V(R) if the charge distribution is unknown?

observer 3 77 5
/d ——F—ZRP 6R523RR (5in )Q@'j—F
charge distribution
g LO NLO N2LO
(r/R)” The result is systematically improvable

= q = / Erp(f), b= / Erp(F)ri,  Qij = / d3r p(7)(3rirj — 0i512)

=< THH 33 R A F R




Nuclear force from chiral EFT

e Nuclear force from the chiral EFT

Nuclear structure and
reaction observables

T

Ab initio many-body frameworks

d.o.f.: nucleons and pions

00

(&
Q

baryons mesons 0 T
@

~1 fm O —
g [ Renormalization group methods J
-

Weinberg’s power counting: T

Chiral effective field theory 1
nuclear interactions J

| 24

(Q/Ay) T
\ chiral-symmetry-breaking

hard scale (~700 MeV) { Quantum chromodynamics J

soft scale associated with external
momenta, pion mass (~140 MeV)

K. Hebeler, Phys. Rep. 890, 1 (2020)

S.Weinberg, PLB251, 288 (1990) LO |
S. Weinberg, NPB 363, 3 (1991)
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Nuclear force from chiral EFT

NN 3N 4N
:
LO
O(Q°/ A% X ++ - -
Ordonez,
van Kolck 7
NLO ) -
2/ A2 -7 coe E—
O(Q° /A7) >< +{ +[ t] Weinberg
van Kolck
P — Epelbaum
’ 0 2
N2LO van Kolck
O(Q3/A3) +__+--+ +____X X o
B 153185 0] | 06> s ;
N3LO )
O(Q4/A4) >< +::+ $:%({$ (}::\I o Lf_’j—\::\l I'::+__+ I---X :"i__+__+ - L_--X T +-~-L;‘{1‘.‘l
[188,189] 0| | < 2011— > [190-192] ? ?
N4LO ) . ) )
O(QS/AS) %::‘] +x:1 *;}i £7111 - LI’I'T\\l +::\}——+ X ,"~$——+—m+ o Fm—+—_{\\l F———x’/l,T

K. Hebeler, Phys. Rep. 890, 1 (2020) 35
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ab initio many-body frameworks

- Quantum Monte Carlo methods VMC CVMC GFMC AFDMC credit: D. Lonardoni
| - ! B (OvMe
Pleper, 5.C.; Wiringa, R.B. (2001) 12 .;. GFMC light systems A <12
J. Carlson et al., RMP 87, 1067 (2015) ; ] P
Variational Monte Carlo (VMC) JIT0 ) T ;_
; CVMC light to medium- _
Green’s function Monte Carlo (GFMC) o0 — AFDMC  mass nuclei A ~ 50
Auxiliary-field diffusion Monte Carlo (AFDMC) E>E, {  E-k
Av minimization ! 7T propagation AFDMC infinite matter A— o0

- Lattice effective field theory (LEFT)

D. Lee, Prog. Part. Nucl. Phys. 63, 117 (2009)

* No-core shell model (NCSM)

Barrett, Navratil, Vary, Prog. Part. Nucl. Phys. 69, 131 (2013)

- Self-consistent Green's function (SCGF)

V. Soma, Frontiers in Physics 8, 340 (2020)

- Coupled cluster (CC)

G. Hagen, T. Papenbrock, M. Hjorth-densen, and D. J. Dean, Rep. Prog. Phys. 77, 096302 (2014)

- In-medium similarity renormalization group (IM-SRG)

H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016)

o MBPT (RBHE.. Z&. ¥#%. 2%, S
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Realistic nuclear force: challenge

300 v'11r‘1rvv17vv7]"|1]vtrv

Helium-4 ‘

1 =21
'S_ channel - C
0 ] PN : ground-state energ
_ > nb ground-state energy
200 - S -
— 23K 3 .
s | | | > —23F V= N'LO (500 MeV) -
] ' repulsive | 2 | - o " ) 2 .
= 100 core | p.w, o | o —24:_ Vann =N LO r
= I | | ] ud )5: ]
s | \ | | ] 3 ? ’
0 — : ; - 2 26} Original 3
I ] = s :
L Bonn H 1 § 27 :_ {
L Reid93 | s . 1
100F  Avis - © oF XL 3
~ r[fm] - -28} _N
......................................... YT eaas @

;;;;;;;;;;;;;;

0 05 ] 15 2 25 —29 - PR ST ST TN TN ST S | I—— B
2 Rl 6 8 10 12 14 16 18 20

Matrix Size [N |

max

Voo (k. K') = / Prio(kn)V(Njo(k'r) = Repulsive core & strong tensor force => low
and high k modes strongly coupled by the
Interaction

B non-perturbative, poorly convergent basis
expansions (cutoff A, No. of s.p. states D)

D!
" (D= A)AI

ForA=4.0fm=1, A= 16, Dim(H) ~ 104,

D~ NA A~R3

Dim(H)

S. Bogner et al., PPNP (2010)
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Realistic nuclear force: SRG

m Apply unitary transformations to Hamiltonian

Hs = UsHU! = T,o + Vs (1)

m Flow equation

dHs
ds

where the generator s is chosen to

— [nSa HS]: (2)

diagonalize H(s) in the eigenbasis of T,

The flow parameter s is usually

replaced with A = s—1/4 with units
of fm—1. Ns = [Tre1, Hs] (3)

dVs(k, k")
S. K. Bogner, R. J. Furnstahl, and as

R. J. Perry (2007) _|_§ / q2dq(k2 + k/2 . 2q2)VS(k? CI) Vs(q, k/)
0

— —(k? — K"?)Vs(k, k')

223THH 38 BT A YIRS 20



Realistic nuclear force: SRG

kl2 (fm“Z)
0 4 8

k' (fm 9
12 0 4 8

12 0 4 8

k' (fm 9

k? (fm 9
12 0 4 8

kIZ(fm“Z)
12 0 4 8 12

0.5

A =3.0fm A=20fm'  |A=15fm’ 05
Y — Argonne vgs | | === Initial ||
— N*LO-500 — Evolved
A=00 A=4.00 fm~! A=1.60fm™!

1‘

2 3
r [fm]

Figure: Local projection of AV18 and N3LO(500 MeV) potentials V(r)in 381 channel.

2
r [fm]

3

r [fm]

r [fm]

m “Hard core" disappears in the softened interactions
S. K. Bogner et al. (2010); Wendt et al. (2012)

> 1HH
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m The A-body Schroedinger equation

e=2n+1 \ protons neutrons
H|W) = E[W),
m The wave function is expanded in terms of many-body basis states ........../..
0\\0\ L ,0

W) =3 culdn),

where ¢, is to be determined from the diagonalization of the H. |$,,) is a Slater
Determinant of single-particle states occupied by the nucleons.

_ 6, . 6
Li L2011 —"Li U
. . 8
Dimension: g 10 ‘Be 0 ~*Be
) 'z 10 ‘B a0 10
- B 510 7 B
= 12C = 9 }Eibod 12C
9 14 e 10| _ 77 2-body T
D Q7T QI/ 5 mN - E o /" potentials i:N
~Y g 188 I E 107 180
N7T NI/ goNe 2 10 » 20]23
[
A 1 = 6 L L ] 1
10
1214 1 10> 10° _1((1).7 10* 10’
maltrix dimension
Compufa‘l'ion challenge from: C. Yang, H. M. Aktulga, P. Maris, E. Ng, J. Vary, Proceedings of NTSE-2013
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51 HH

m A set of continuous unitary
transformations onto the Hamiltonian

H(s) = U(s)HoUT(s)

m Flow equation for the Hamiltonian

dH(s)

g5 [n(s), H(s)]
where the n(s) = dL(ins) UT(s) is the

so-called generator chosen to

decouple a given reference state from
Its excitations.

m Computation complexity scales

lynomially with nuclear si Tsukiyama, Bogner, and Schwenk (2011)
polynomially with nuclear size Hergert, Bogner, Morris, Schwenk, Tsukiyama (2016)

Not necessary to construct the H matrix elements in many-body basis !
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Achievements of ab initio calculations for nuclel

With the implementation of the SRG and IMSRG,

First-principles calculations predict the properties
- of nearly 700 isotopes between helium and iron
54+ : z P
2020 | e
>l 2=50 -t fanennee { ST 1o -
5| | e ' o
- : Ellllmél —-:s a
4oL o smmmm | 2 SSSNNNENNESEREEEENRE HoE~d
- Z=40 ------- SHEBEEER - oneee aag-m-w| S aEw o S
> B =" g o
. . _NENENEENEEY N ¥ NS . e it © & 5
34t sassamammans | B BT SN . V’%ﬁf 3
EEEREEEEEEEEEn .| d mmp - Be Epe ™
i “IH:H::::E:!“ i By %
30F : l====lllllllllll ; e R - ~ . -
N - Z2=28 ~-cvennnenn iii==EEEEE=EEE=E§EEEEE==========""'.'m Neutron number N
26} " EEEEAEEEEEEE III=IIIIIII=IIIIIIIII= o
SEEgEEEEEEE llll.llllll:------ - S. R. Stroberg et al., PRL126, 022501 (2021)
- T e
22+ EENEEESEESEEEEN SN ESEESEGEEESEESEES N N N N N B W
| 7200 ---beee- SRR M s oot et B B EA SRR - -
. lllllllll=lllllll SEEEEEEEEEEANEEEEN '
18" ! EEEEEEEEEn l..l.l.:.lll...l.l- mREe N D 2010
! S O :
L “:40 N=50 02012
14+ EEEEEEEEEEEE NS AN NN
O e e e T m 2014
o : | 1 I -.....-III.======== =..-.-.
10 - l===============llllllll-ll
‘RN EEEEEEEESEEEEEE. . - 2016
(EAmEEsmamEEmssmaEE T N-28
6F = ITHEEETTTTIT - ® 2018
| ESSSESSSSRRRRRREN. 20
T  EEEEN - m 2020
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N
H. Hergert, Front. Phys. 8, 379 (2020) 49
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da quenching in GT transition

Discrepancy between experimental and theoretical
B-decay rates resolved from first principles

P. Gysbers, G. Hagen &4, J. D. Holt, G. R. Jansen, T. D. Morris, P. Navratil, T. Papenbrock, S. Quaglioni, A.
Schwenk, S. R. Stroberg & K. A. Wendt

Nature Physics 15, 428-431(2019) | Cite this article

e The half-life of single-beta decay e charge-changing axial-vector current
" K
1/2 =
/2™ fo(Br + Bar)’
K K | K
g%/ ) 9?4 5 ot e O Y
Br = M Bar = M.
LO, o1 Heavy meson Pion exchange
G. Martinez-Pinedo et al, PRC 53, R2602 (1996) exchange €3, C4
1.0 B T ] L I \/ —
ogf —077 pf-shell ] . \/
il J— . TA( 17\ _ , -t KT
2ok 0 ] JHK) = Z AT T €7 - 2B currents
Lu‘ . - .
| ' g Park, T.-S. et al. Phys. Rev. C 67, 055206 (2003)
QO 04}
= oyl e GT transition operator
~ T T ] I lb 2b
90 o0z 04 06 03 1.0 Ogt = Ocr‘r + OzBC-
R(GT) Theor. 43 NS L SETER



ab initio calculations of nuclear single-beta decay

da quenching in GT transition

Discrepancy between experimental and theoretical
B-decay rates resolved from first principles

P. Gysbers, G. Hagen &4, J. D. Holt, G. R. Jansen, T. D. Morris, P. Navratil, T. Papenbrock, S. Quaglioni, A.

Schwenk, S. R. Stroberg & K. A. Wendt
Two-body currents+

Nature Physics 15, 428-431(2019) | Cite this article

many-body correlations
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IBM2(Barea+) ISM(Menendez+)

[/ Ab initio calculations of Ovpp-decay gy b ISMMenen:

. . . L L GCM-NREDF(D1S) ¢ ISM-MBPT(CD-Bonn)
candidate nuclei and corresponding [ | ey o GOMIMSAGEMLER.0) |
NME of the decays S . S

°r ’ ! A v ]
/In-medium similarity renormalization S 8 : ' . ! A I N
group (IMSRG)+Generator coordinate 40— ; ; < Ik ]
_ Y o 6, F
method (GCM) 1 O 0.4, 24 g
I ‘t“‘ K Vg A i
JMY et al., PRL124, 232501 (2020) T " (NME2020)
0 ;O 60 - ‘8]0‘ ‘l ’1(1)0. .. .1210I II IllItOI II I160
v’ Valence-space IMSRG+ interacting-shell- Mass number A
model (lSM) JMY, Science Bulletin (2021)

A. Belley et al., PRL126, 042502 (2021
elley et al., PRL1Z6, (2021) The NMEs by the three ab-initio

methods consistently smaller
v’ Coupled cluster (CC) than other phenomenological

S. Novario et al., PRL126, 182502 (2021) methods. x

N
® ®

&
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cross-checking among different models

v Quantum Monte Carlo vs shell model
X. Wang et al., PLB 798, 134974 (2019)

v NCSM vs IMSRG
R. A. M. Basili et al., PRC102, 014302 (2020).

v' NCSM vs CC
S. Novario et al., PRL126, 182502 (2021)

\/ NCSM vs IT-NCSM vs CC vs VS-IMSRG vs IM-GCM

TMY et al., PRC103, 014315 (2021)

VS-IMSRG ]
IM-GCM 1
CCSDT1 1
IT-NCSM ]
NCSM

20 — 2Ne

8He — %Be

12 16 20
Mass number A

> 1HH

M Benchmark calculations for light nuclei for
which (quasi)-exact solution is possible
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Advances in ab initio modeling of Ovgp-decay NME

[J The Ovpp-decay in chiral EFT based on the “standard” mechanism
of light Majorana neutrino exchange V. cirigliano et al., PRC97, 065501 (2018)

v Chiral expansion of neutrino potentials

V . Z(V(a b). V(a b) )

a#b

. ? Pions integrated out
SRR
P a s S

)

A

1
ab a
Vv(o) @+ (b)+q {1—8A
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Advances in ab initio modeling of Ovgp-decay NME

v Chiral expansion of neutrino potentials

V. Cirigliano et al., PRC97, 065501 (2018)

| N |
¢‘ '~

VU:Z(V(‘”’)+V(“1”+...),

LJ
. L4
a#b Cans?

O~

* N2LO contributions to single-nucleon
currents are usually taken into account
by introducing dipole form factors,

Genuine N2LO contributions from loops
corrections to the LO diagram (induce
short-range neutrino potential) are NOT
considered yet

- . 1
VG =t @@ — 7 &2 hr(q)/g2 — 0@ - 6@ har(q?)

, (a,b) b
_S(ab) hT(qz)}, Vv‘az - f(a)+T( H

dipole form factors

2
a 7

U§

)' CT at N2LO

2 .=2 2 .=2

q- q \ -
gv(q) = gv(l + = ) . 8galg) = gA(l + = ) .
Ay Ay

2myga(q)
g* +m:

(a.b)
VCT

6% +q2 % 1+4]1

[
gA a(a),qa(b)_q[s o q‘ ]:

(4 F;)? m?2

b/ g

gM((/) = (I + K )gv((l) gP((l) - —
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Advances in ab initio modeling of Ovgp-decay NME

» Transition amplitude of the process (LO)

V. Cirigliano et al.,

llllllllllllllllllllllllllllllllllllllllllllllllllllllll
L

.....
** *%

O

" The contact nuclear potential is regularized as ™.

0
L4

= of C(Rs) Y\ _ Fp140)
Cs® (r) — (\/]_IRSS)3exp (— R_%> = C(RS)();,S (r),

The LEC C(R) is adjusted to r'epr'oduce

‘e
%
4y

....
-------------------------------------------------------

51 HH

nn—>pp+e e

PRL120, 202001 (2018); PRC97,065501 (2019)

2 2
gy m;

) 2 20
4F2 q° + m;

vﬂ'(q> - =

80} Rs independent |
T ——"
60t
< 40 — bl =50 MeV ]
— Ipl=25MeV ||
[ — [pl =10 MeV ||
20. — b|= 1 MeV |
o 1 1 L 1 1
0.005 0.010 0.050 0.100 0.500
Rg (fm)
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» Transition amplitude of the process (LO) NN — PP+ € €

V. Cirigliano et al., PRL120, 202001 (2018); PRC97,065501 (2019)

(\
0.07—— -
Ay (E,E') = —(Upp(E') |V, 50| (E)) 5 " oz
S 0.06 — Ipl=25MeV|]
( ? ) pPp )l v L nn( ) : —Ip|=10M:VE
_ 085 — [pl= 1 MeV |]
E = p?/my and E' = p?/m, > 0.04]
- - - C - .
= 0.03 e S
E' = E +2(my, —mp —me) = sozf I .
|p’| = \/p2 . B Q'mN(’mn — Mp — me) 0.015 ST e s
000 0005 0010 0050 0100 0500
Rs (fm)

The transition amplitude is regulator dependent!
Needs a counter term (contact operator) at LO in
order to ensure renormalizability.

- Violation of power counting? 50

Lines fitted to A, =a+bIn Rg
logarithmic dependence on Rs

BT A SRR I



» Necessary of introducing a contact term at LO

Total transition amplitude A(p, p’) = Ar(p, p’) —28As(p, p).

|A,| (MeV~2)

V. Cirigliano et al., PRL120, 202001 (2018); PRC97,065501 (2019)
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Determination of the leading-order contact operator

* The LEC should be fitted to data or the LD+SD amplitude by Lattice QCD

Light-Neutrino Exchange and Long-Distance Contributions to 0v24
Decays: An Exploratory Study on mmr — ee

Xu Feng, Lu-Chang Jin, Xin-Yu Tuo, and Shi-Cheng Xia
Phys. Rev. Lett. 122, 022001 — Published 15 January 2019

LQCD: Alxz — ee) = 1.820(6) 1 Tiepe = 4GV ympgii (pr)ug (p2). :

d FEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEE

F2T
rt lept m,=140 MeV . _
discrepancy might be from

Chiral EFT(LO): ALO ( T — e 6) — 9 F% Tlept ® lattice .artifacts aqd finite-volume effects
® O chiral expansion error

[ L]
.......
. L 4
L L 4

q
[ .
...........

Zohreh Davoudi and Saurabh V. Kadam
Phys. Rev. Lett. 126, 152003 (2021) — Published 16 April 2021

Providing a framework to match the total transition amplitude of the nn—ppe-e-
process from the calculations of both lattice QCD and chiral effective field theory.
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Advances in ab initio modeling of Ovgp-decay NME

> Determination of the LEC for the contact term of

: . [ a<(|k]|) ax(|kl)

Toward Complete Leading-Order Predictions for = -5

Neutrinoless Double 8 Decay E :

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Martin Hoferichter, and Emar ~ — =10 A

Mereghetti = [

Phys. Rev. Lett. 126, 172002 (2021) — Published 30 April 2021 S 15} ] : -
[ pionless and : Operator product |

. [ hiral EFT ' i licabl

® Coﬂ'mgham formula wn. Cottingham, Ann. Phys. 25, 424 (1963) _opll. chiral=r? ix‘pa.mlsul)nlsapp 'cd 2?)

0.0 05 1. 1. .

k| [GeV]

d*k v k-2 s IR ‘
Ay X / (2)4 k2gi ?:E/d433€ ' @w(&}h@'))

: N Pt [ di () = A<+ A7

n % - -

P d'k 1 n ,, : X .

Al/ = X - : < ’ -
2m)* k% + ie a AT = ; dk| a-(|k|), .

n P : . :

S P47 = [ oK), :

forwardcomptonamp“tUde :....III;\IIIIIIIIIIIIIIIIIIIIIIII:

e Synthetic datum

Au(|p|,

Ip| = 25 MeV (|p’| = 30 MeV) = —1.95(5)(51 x 1072 MeV_Q,

Uncertainty from the estimate of the inelastic contributions

The amplitude is observable and thus s¢heme independent.

p'|) x e {CsoIPD+ors, (D) _ (2.271 —0.075 C (4 A.Lr)) x 1072 MeV 2
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» Contribution of the contact term to the NME of finite nuclei

ﬂ(pv p’) — ﬂL(p’ p,) o zgﬂS(p, p’)

(al) 1 1 I
—_ 0.00r —— AL, Nexp =2 i
% AL, Nexp = 4 —
= —0.01F synthetic datum  —— C’FAg, nexp =2 7 =
% \ — C’4As, Nexp = 4 3
0.2 : Z
= o : S
oF (b) i ®
) logarithmic scale dependence =
©
g 2 :
T
0 ° Nexp =2 7] §
Nexp = 4 5
—2 - ’ 1 1 1 1 PR | B— -—
2 S5 10 20 G:;
A [fm"] =
The dimensionless LEC C is adjusted to reproduce the neu-
tron—proton scattering length a,, = —23.74 fm.
R. Wirth, JMY, H. Hergert, arXiv:2105.05415 [nucl-th] 54

51 HH

- Chiral expansion order of the nuclear
interaction (not transition operator)

- LO and N2LO (partial) neutrino potential
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Determination of the leading-order contact operator

» The contribution of the contact term to the NME

“8Ca—»“8Ti(IM-GCM)

L ] 4 L+S U EM(1.8/2.0)
! EMN(2.0)

2.5

207 S
[ AN2LOgo(2.0)
AN2LOgo( =)

+
’ LNL(2.0)
: ®He -°B !
1.5¢ 1 € € +

o | EM(1.8/2.0)
. EMN(2.0)
: ’ LNL(2.0)
. AN?LOgo(2.0)
b AN’LOgo(=)

: ’ EM(1.8/2.0)(€max = 6) "J ‘\‘ “"i,.

a ’ EM(1 8/2.0)“‘\1,. = 8)
) ¢ EM(1.8/2.0)(@yex = 10) e —

10 > # EM(1.8/2.0)(extra.) v
-1.0 =05 0.0 0.5 1.0 0 1 2 3 4 5 6 7 8 e’
MOv

0

- The contact term enhances the NME for 48Ca by 43(7)%, the uncertainty is
propagated only from the synthetic datum.
- An important positive message for planning and interpreting future experiments.

\R. Wirth, JMY, H. Hergert, arXiv:2105.05415 [nucl-th]
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Extension to heavier Ovpgf candidates
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116Cd . | for Ca, ""Ge, and "“Se
110Pd . A. Belley, C. G. Payne, S.R. Stroberg, T. Miyagi, and J. D. Holt
o s 136 )@  Phys. Rev. Lett. 126, 042502 (2021) — Published 29 January 2021
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Extension to heavier Ovpgf candidates

» The contribution of the contact term to the NME

®Ge - °Se (IM-GCM)

The contact term enhances
the NME for 76Ge by 29(5)% !

qF == L
B S
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g
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Summary and outlook

4 Take-away messages

e Experimental searches of Ovgp decay are pushing up to tonne-
scale detectors with the half-life sensitivity up to 1028 years.

e The NMEs by phenomenological models differ by a factor up to
three. It is a challenge to reduce the discrepancy.

¢ Significant advances in ab initio modeling of atomic nuclei.

From light to medium-mass nuclei, close-shell to open-shell nuclei, spherical to deformed nuclei.

e Ab initio calculation of the NMEs of candidate nuclei with both long-
and short-range operators are within reach.

v The leading-order short-range operator generally enhances the NME in the ab
initio calculations using a chiral nuclear force with low-energy scale regulator.
v'Ready to compute the NME of heavier candidate nuclei.
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Summary and outlook

4 Outlook (TODO LIST)

e Standard mechanism: trans. operators derived consist. from EFT)

e Other mechanisms: heavy-particle exch., Left-Right mixing, etc.

 Uncertainty Quantification: Truncation error in both nuclear
interactions and many-body methods, IMSRG(3)

e Building an emulator for the NME: Machine learning?

. — —

Missing many pieces?
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m The trial wave function of a GCM state
|¢JNZ---> _ Z FE/)NZIE)Jﬁ)N:E)Z o |¢Q>
Q

|Pq) are a set of HFB wave functions from
Projection constraint calculations, Q is the so-called
generator coordinate.

® The mixing weight FZV4 is determined from the
Hill-Wheeler-Griffin equation:

Configuration mixing

Z [HJNZ(Q Q) — EININZ(q, Ql)} Fg',’)'Z —0
Ql

Features (pros) of GCM

— The Hilbert space in which the H will be diagonalized is defined by the Q.
Many-body correlations are controlled by the Q

— The Q is chosen as (collective) degrees of freedom relevant to the physics.

— Dimension of the space in GCM is generally much smaller than full Cl calculations.
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Optimization of GCM

“dimensionality curse” in GCM A.M. Romero, J. Engel, JMY, arXiv:2105.03471 [nucl-th]

N dimensional collective space Q=(q1,92,...,9n)

* energy-transition-orthogonality procedure (ENTROP)

76Ge 76Se

4
Select state with } Select state with go

lowest energy J lowest energy 0.0
cQl

-0.4 -0.4
i 04 00 04 04 00 04
Select next state in Select partner of most recent B( Ge) B ("Se)

T l and J. Meng PRCO91, 024316 (2015)

[Select partner of most recent ‘ Select next state in J @

state in °Se if L < L, energy order if L < L,

Selected
GCM states
L: a measure if the model [1>, [2>,...Jn>

space is complete or not.

. (n+ 1|P"n+1)
C n+1n+1)

n
P(n)ln + l> — Zaf")ll>a
i=1
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Optimization of GCM

“dimensionality curse” in GCM A.M. Romero, J. Engel, JMY, arXiv:2105.03471 [nucl-th]

N dimensional collective space Q=(q1,92,...,9n)

* energy-transition-orthogonality procedure (ENTROP)

I T I 1 I 1 1
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Energy ordering only
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IM-GCM with a chiral nuclear force

GCM with shell-model interaction GCN2850
(eMax=6)

63
>, 1 BA Workshop on neutrinoless double beta decay



| attice QCD for nuclear structure

Magnetic Moments of Light Nuclei from Lattice Quantum
Chromodynamics

S.R. Beane, E. Chang, S. Cohen, W. Detmold, H. W. Lin, K. Orginos, A. Parrefio, M. J. Savage, and B. C. Tiburzi
(NPLQCD Collaboration)
Phys. Rev. Lett. 113, 252001 — Published 16 December 2014
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Advances in the studies of Ovfp decay
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What is Ovgp decay?

Effective Field Theories for Ov 33

top-down: Integrate out and matching/running

& (‘\/_Y_
o BSM- Left-right symmetric model, etc
&
A e
— () — e |}
L
— LNV
=
v Electrpweak symmetry d —bh— —
~ 100 GeV breaking e
Match to ChiPT
] s Rl sl D FENNRNNN s Sp—— N (LECs in Table 1)
~ 1GeV 5 y ¥
ConstructOv 83
- operators (Eq. 24)
~ 100 MeV - . . )
g Ovj35 operators e” ‘
= (short-range) Q_Hz_o
o — NMES (Table 2) v P
5 0—'—‘4‘:—0
> > . rAA,AP,PP,MM ,, +AA,AP,PP ,  AP,PP e
S5 = Mg, Mgr'r Mg sa; MGgr'sq » M1 o4 (@) (b)
O = x .
) 2 —= % Phase space integrals
~ 1 Me\ ‘1’ (Table 4)
Oov (n+ -+ Master formula
A 4 T, 2(0 —07) (Eq. 38)
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