Ov (5 decay and nuclear many-body problems

with operators from chiral effective field theory

Jiangming Yao (F£VLHH)
FHLR 2, WP S R OB

BB LHISYEA TR, 12H4H-9H, 20234, J7)H




Outline

@ Lecture one: neutrinoless double-beta (0v3f3) decay
@ Status of studies on Ov33 decay
@ Modeling the half-life of Ov3/ decay phenomenologically
@ Uncertainties in the NMEs of 0v33 decay

e Lecture two: Ov(33 decay and nuclear structure within chiral EFT
o Leading-order chiral EFT description of nn — ppe~e™ transition
@ Preprocessing nuclear chiral forces
@ ab initio nuclear many-body methods

© Lecture three: Recent studies with operators from chiral EFT
@ Advances in the ab initio studies of nuclear structure and decay
@ Uncertainty quantification of the NMEs of Ov35 decay
o Correlation relations between Qv3/3 decay and DGT

JMY, Guangzhou 2 / 140



Contents

@ Lecture one: neutrinoless double-beta (0v3f3) decay
@ Status of studies on Ov33 decay
@ Modeling the half-life of Ov3/ decay phenomenologically
@ Uncertainties in the NMEs of 0v33 decay

JMY, Guangzhou 3/ 140



Low-energy nuclear probes of new physics tuxe
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@ Three frontiers: for new physics @ Fundamental interactions and symmetries.
@ Atomic nuclei: low-energy probes @ All about Nuclear Matrix Elements (NME)
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tuxg

Stability of atomic nuclei against single-3 decay

Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020)
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A special decay mode: Ov(33 decay

Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020) ° T h e tWO mo d es Of B - /3 — d ec ay :
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Neutrino mass from oscillation experiments

tuxg
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Ov/33 decay as a complementary probe to neutrino properties @ f%%x %

If Ov3/ decay is driven by exchanging

Neutrino oscillations light massive Majorana neutrinos: (to

be derived later)
@ From mass to flavor states

2 1/2
4 ov |2
GOl/ /2 |M |
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° Am?j(?’é 0), and 6j;(# 0). @ Ugj: elements of the PMNS matrix

@ Gp,: phase-space factor

Open questions @ MY the nuclear matrix element

@ The nature of neutrinos.

@ Neutrino mass m; and its origin. MO = (V| O W)
The observation of 0v33 decay would 27 0.016V 2
provide answers. 71/2 ~ 10 <<m6ﬂ>>
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Current and next-generation of experiments

RECOMMENDATION 2

As the highest priority for new experiment con-
struction, we recommend that the United States
lead an international consortium that will under-
take a neutrinoless double beta decay campaign,

featuring the expeditious construction of ton-scale j KamLAND-Zen
experiments, using different isotopes and comple- 4 c CANDLES
[ —— lo

One of the most compelling mysteries in all of sc-
ence is how matter came to dominate over antimat-
ter inthe universe. Neutrinoless double beta decay, a
process that spontaneously creates matter, may hold
the key to solving this puzzle. Observation of this rare
nuclear process would unambiguously demonstrate
that neutrinos are their own antiparticles and would
eveal the origin and scale of neutrino mass. The nu-
cleus provides the only laboratory through which this
fundamental physics can be addressed. -

g
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Constraints on neutrino mass from Ov(55 decay tux 2

N YAT-SEN UNIVERSITY

Isotope Goy MO Tf;’z (mgg) Experiments
[10~ % yr— 1] [min, max] [yr] [meV] References
*BCa 2.48 [0.85,2.94] > 5.8-1022  [2841, 9828] CANDLES: PRC78, 058501 (2008)
Ge 0.24 [2.38,6.64] > 1.8-10% [73, 180] GERDA: PRL125, 252502(2020)
82ge 1.01 [2.72,530] > 4.6-10% [277, 540] CUPID-0: PRL129, 111801 (2023)
9%6zy 2.06 [2.86, 6.47] > 9.2-10%  [3557, 8047] NPA847, 168 (2010)
100\ 1.59 [3.84,6.59] > 1.5.10% [310, 540] CUPID-Mo: PRL126, 181802(2021)
H6cq 0.48 [3.29,552] >22-102  [1766, 2963] PRD 98, 092007 (2018)
1307 1.42 [1.37,6.41] > 2.2-10% [90, 305] CUORE: Nature 604, 53(2022)
136 ¢ 1.46 [1.11,477] > 2.3.10% [36, 156] KamLAND-Zen: PRL130, 051801(2023)
150Ny 6.30 [1.71,5.60] > 2.0-10%  [1593, 5219] NEMO-3: PRD 94, 072003 (2016)

200

KamLAND-Zen upper limits Te]
QRPA - IBM

M —— EDF

_ 2 2 2 2 iozgl 2 i(a31—2(5)
(mpp) = micyciz + macizsipe’ ™ + masize

@ The neutrino oscillation measurements:

Effective Majorana mass (mys) (meV)
g
T

E— (mgg) € [20,50] meV for the IO case.
. Eo ‘ Thew @ An uncertainty of a factor of about 3 or even more
TR g (originated from the M%) in the (mgg).
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Next-generation of experiments

103
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3 future
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sensitive exposure [mol yr]

o Lifetime sensitivity of the ton-scale experiments: Tlo/”2 > 10%8yr.

@ Covering the entire parameter space for the 10 neutrino masses depending
strongly on the employed NME.
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Half-life and decay width of 03[ decay

JMY, J. Meng, Y.F. Niu, P. Ring, PPNP 126, 103965 (2022)

@ The half-life of Ov3/ decay: € €
1 1 Ov N p
T = o () D
Ve
n p

The decay Wldth rOV |S given by M. Fukugita, T. Yanagida, Physics of Neutrinos, and applications to astrophysics (2003)

d3kq d3k,
2 (27)32¢1 J (27)32¢;

(27)S(E) — EF — e1 — )| Mg|%. (2)

Here €15 = kﬂg and kj 2 are the energies and momenta of the two emitted electrons,
respectively. The E; r are the energies of initial and final nuclei, respectively.
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The S matrix

@ The transition amplitude My is determined by the S matrix
(FISPi)y = iMg(2n)6(El — EF — €1 — €2), (3)

where the S matrix is determined by the second-order effective weak interaction
(energy scale E ~ Qﬂg) S. M. Bilenky, S. T. Petcov, RMP50, 671 (1987)

Gs 7. .
M) = 2 [T+ T8+ RTL, + 2T, ] + e (4)

The first term represents the standard V-A weak interaction, and others for
non-standard interactions. The leptonic current

il (x) = 28(x)V*ver(x) = 8Y*(1 — 5)ve, (5)
and quark (hadronic) current jz#(x) (expression will be given later).
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The S matrix

The S matrix (second-order) is given by

—i)?2
sy = E2 (f| [ dey [ deaT(Hy () ML)l (6)
where in the standard mechanism,

HW(X].)HW(X2)
= (V26Gs)’[80a)y"ver (x1) T}, (x))[E00)1ver (50) T, ()]
(V2Gp)?8(xa )y ver (x1)v, (x2)7) & (50) T/, (a) T (). (7)
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The S matrix

@ The S matrix (second-order) becomes

11520 = +5E(S5) fatn [ ot
Xu(kl,sl)elklxlfy <O‘ (VeL(Xl) eL(X2)> ’0> vT — T(k2 52) ikoxo
x(Ve|T (jiu(xﬁjiu(Xg)) W) — (ki < ko). (8)

Here kix; = €;t; — k; - r; and u(k, s) is a Dirac spinor for the electron. The |V)
and |Wg) are wave functions of the initial and final nuclei. The second term

(ki <> kp) arises due to the exchange between the two outgoing electrons, leading
to the same contribution to the first term. s. . Bilenky and S. T. Petcov, RMP 59, 671 (1987)
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Charge-changing hadronic currents

The hadronic current is defined in Heisenberg representation, i.e.,

T ) =M (re ™. (9)

By inserting the identity, >_p |[Wn) (Wn| = 1, one has
@ case t; > to:
(el T (7] ,0a) T/, 0e)) 1W1)
F Ly 1)J [\ X2 I

= Y eE BB (W | 7] ()W) (Wn| T (R) V). (10)
N

@ case 1 < to:

WEIT (I, 0a)7] () [W1)
= Y lEr e B EN (el () [Wa) (Wnl I, ()W) (11)
N
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Neutrino mass and flavor eigenstates

The left-handed neutrino field is defined as (assuming only three light neutrinos)

Ve (x Z Uejrjr (x Z UejPLvj(x (12)

where the projector P = (1 —45)/2. The PMNS matrix is defined as

1 0 0 C13 0 sp3 e~ 10 C12 s;» O
u = 0 Co3 523 0 1 0 —S12  C12 0] - P, (13)
0 —5S23 (23 —513(9"(S 0 C13 0 0 1

where ¢j; = cos0j;, and s;; = sin 0;; with three mixing angles 015, 63, ¢13. The values
of the diagonal matrix P depend on the nature of neutrinos:

B { diag(1,1,1), Dirac, (14)

diag(1, e’@21/2 elas1/2), Majorana

where a1, 31 are the CP-violating Majorana phases affecting Ov35 decay.
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Neutrino propagator: lepton-number violation

The vj(x) is the field of a Majorana neutrino with
mass mass mj, satisfying the Majorana condition e e

vi(x) = CDJ-T = vj(x), (15) v Smss)

n > a4

with C being the charge-conjugate operator.

The contraction (flavor eigenstate) and propagator (mass eigenstate) of neutrinos,

(O T (ve(x1)veL(x2)) 10) = Z i PLOIT (vi(x1)vi(x2)) [0)PLC

2 ‘ —ig(x1—x: i
_ *ZUef’"f/We 90 2>q2 —PC. (16)
; .

g

where CT = —C, Cy5C 1 = ~5 and P y"q, P = 0 were used.
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Integration over time

With the above considerations, the S matrix becomes

(F1S@iy = 8( 2’|) <\/’B§> L_J(k1,51)’}’“PLC’YVTL_’T(/<2752)Z Ugjmj
! Jj

+o0 "ty +o0 ) . _i (e id(ti—t)
x / dtr ( dty + dt2> Mgt / - dg®
- - t (27[-) qs — mj

/d3X1d3X e /k1x1e ikaxo (27]-'()3 /eiq.(xl—xz)d3q

X(WET (J],0a)7] () [W1)
(FISPND| 4+ (F1sPi)

1>t

(17)

thi1<tr
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Integration over time

@ In the first term

. 00 —ig®(t —
d d ikt gikgts —! ' ﬂd R, T T i
t xJe @ |- 5 dq " (VelT] ,(x)T], ()W)

271' q2 — mj
Z/ dtleitl(k?—q?-FEF—EN)/ dtzeitz(k§+qj?)iei(EN_E,)tz
—o0 oo 2¢°
N J
< (Ve T/, () W) (Wa] T/ (x2) [W)) (18)

1/2

where qJ =(q°+ m; 2)1/2 " and the following relation
(residue theorem) is used,

Cc+

+o00 e—iqo(t1—t2)d o _ too  g—iq’(ti—t2) d4o® e 50:0 Re
/_oocyz—rrﬂq_/—ooclg—(tJLl-nf)q —a EBIE
o (=) o=

= (-2m) g (19)
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Integration over time

Making use of the following relations,
t1 . 0 0 .
dt2elt2(k2+qj)el(EN_EI) o |Im/ dt eth(k +qJ +En—E;— Ie)
—0o0
_jeit1(k3+q°+En—E|—ie)

—i f (10 0
— lim — e/t1(k2+qj +En—E)) 20
e—>0kg+qj(-J+EN—E[—i6 kg—FqJQ—f‘EN—E/ ( )

and f+°° dte? = 27j(a), the first term of the S matrix is simplified further

NG )( f- o 2
= U(kl,Sl)’}/NPLC'}’U u (k2,52) Ue'mji
V2 2. Vimagg

>t 21

1 .
/ X1d3X e lklxle—lkgxz (27r)3 / elq~(x1—xz)d3q

(Wel T, (x) [Wn) (Wn| T (x2) W)

XN: kY +q + En — Ei (

(F15i)

2m)6(K + K + Er — Ey).
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The S matrix

The second term in the S matrix can be carried out similarly.
Combining the above two terms, one finally finds

(F1S@i)
. GB 2 3 3 = o vT _c
= I47T(5(€1 + e + EF — E/) ﬁ d’rnd rzekhsl(rl)PRﬂ/ ' Cry ekz,SZ(rg)
Z mJ 0 /d3qeiq.m

(Ve T, (n) [Wn) (W T () W) (e T (R) [Wa) (Wn| T (1) \‘Vl)
X E ) +
m € +q; +Ev—E 61+qJ+EN—E/

where k? for the energy of electron is replaced with ¢;,

P = PryH. (22)
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The S matrix

With the approximations:

@ The energy of neutrino is approximated as qj‘-) =./q%+ mJ? ~q

ca~e=(at+e)2=(E-E)2<q
@ For the s-wave electrons, only the L = 0 component is considered,
e 'kt — jo(kr) ~ 1 as kr — 0. Dirac spinor ex s = u(k,s)e " ~ u(k,s).
The S matrix is simplified as

2 0 G2
(FIS@Uy ~ i(2m)d(e1 + €2 + EF — E,)gA( )G

/ d3r1d3r2ék1,sl (rl)PR CEZ;)SZ(I‘Q)

47Ry [ 42 g = (VFLTL () W) (W] T/ () W)
<2 Uam 5 ] G e B ey

N

where the relations Cy*TC™1 = —4¥, 57" = —4"7s,
AP = gt + % (’y“"yu — ’yV’y/’L) were used.



The nuclear matrix element

Thus, the transition amplitude My becomes

g4(0)G3

M = 27 Ry

<m55>L_I(k1, Sl)PRCDT(kQ, SQ)MOV, (24)
where the effective electron neutrino mass (mgg) is defined as

(mag) Z uzmj, (25)
and the nuclear matrix element (NME) of Ov3 decay

(Ve T () (W) (Wa] T (r) W)

47TR0
MO /d3 d3r el n2 E
? ) m qlg+Env— (E+ EF)/2]

= <\qu o% |w)) (26)

Here, Ry = 1.2A1/3 is introduced to make the NME M% dimensionless.



The half-life of Ov55 decay

One finally finds the expression for the Qv 33-decay half-life

2
m 2
[ ]1 — GOVgﬁ(O)‘W‘ ‘Moy ’ (27)
where the leptonic phase-space factor Gg, is defined as
Goy = L Gimel ki, 1)PRCaT (k ki kode1d cos 0,628
v = (In2)(27)> R2 //Sggslu( 1,51)PrCU (2752)’ 1kaderd cos 01428)
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The transition operators for the NME

The effective one-body current operator takes the following form

T = dy [gv(qz) — 8a(@%)1s + &r(a*) "5 — igw(q”)o" au | T Y

The dipole form factors

-2
gv(@®) = gv(0) (1 + q2//\%/) , where gy/(0) = 1, ga(0) = 1.27, and the cutoff
) b ) o\ —2 values are Ay = 0.85GeV and Ay = 1.09 GeV.
ga(g”) = &a(0) (1 +4q //\A> . According to the conserved vector current (CVC)
o ) 2m, hypothesis, gyw(0) = k1/2m, with k1 being the
gr(q°) = galq’) g2+ m2)’ anomalous nucleon isovector magnetic moment
N — @ _ ()
K K1 = Un’ — ~ 3.7.
gw(d®) = gv(q2)271, SR
mp
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The transition operators for the NME

@ In the closure approximation Ey — (Ep),

OOV —

g3(0) (2m)°

i pt
4Ry /d3r1d3r2 d*q e,'q.,12z\7L,y(r1)|wN> (V| T (r)
qlg+ (En) —

(Ei+ EF)/2]

_ 4wRo _— e T T (R)
B / dnd / s BT Py o=y LY

the transition operator becomes a product of two current operators composed of

five terms (VV, AA, PP, AP and MM),
g (a?) (W) B (ot rte)@

82(a?) (v )W (Pytrs ) @),

g2(a?)(qursm ) D (YgtysTep) @,

2a(q%)gr(q?) (s ) D (Dgys )

\'A%

AA

PP

AP
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The transition operators for the NME

In the impulse approximation (where only one nucleon in a nucleus is probed by an
external source and the other nucleons act as spectators), the one-body hadronic
current in the first quantization form

A
gt =3 [«7[‘(%)50 - rn)]- (30)

n=1

In the second quantization form,

Ty = SN T INp)) ¢, (31)

p;p’

where (N(p)| jL“T(r) |N(p)) is the matrix element between the eigen states of
momentum operator,
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The transition operators for the NME

The non-relativistic form of the current operator (truncation in terms of 1/mj, no
nucleon recoil terms) reads Tomoda:1991

A
Ty = Yorfalr—rm) > [gv V0 - gad® — gp PR 4 g, W 30)
n=1 k=0,1,---

Expansion in terms of (1/m,)X, and truncated up to k = 1,

A
B = St - m)(gv - q2) : (33)
n=1 Mp n
T 2 + . . (exq) go - q
Ji(r) = =Y 7 6(r—rm)| gac + igwo x g+ igy 5 —gp—— | (34)
n=1 mp 2mp N
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The Non-relativistic reduction of current operators fuxe

Pions and Nuclei, Torleif Erik Oskar Ericson, W. Weise, 1988

(a) Dirac tensors Table A6.1. Equivalent two-component free spinor matrix elements
Tl:lese are the bilinear combinations of [-matrices I'=1, ys, y*, y"ys, 0** and Type r M(p', p)
Dirac fields S o
g A ; wal1— @ p)ep)
P=yysy, (E'+M)(E + M)
Vi=yyy, (A6.1)
A*= vy, P LS NN[E M E +M]
T = oty
o-p)o-p)
v i N'N| [1 + s
() Equivalent t spin rep i Y E+ M)(E+ M)
Using free positive energy Dirac spinors (eqn (A4.27)), 1 4 Y N'N [a Ll P ]
E+ M E'+ M
Xs
E,+M\} p’ -p
u(p,s)= o-p A6.2) o 0 'N[ ]
( 2M )(E,+MZ’> ( A rs N E+MTETM
where ¥, are two-component Pauli spinors. The Dirac tensor matrix elements are ' o p P
given as A YYs N’ N[o = Tt TiM
a(p', s")lu(p, s) = x:M(p’, p)xs» (A6.3) 5 o
where M(p, p') have values according to Table A6.1. T o N’ Nl[a’E M E+ M"']
e A P xoP
(©) Non-relativistic T d N' N[o* - ot ]
n-; vistic expansion o’ E+ M E+iM
The expressions in Table A.6.2 are obtained by expanding to order /M in the . 2 2
energy transfer w = E' — E, where E = }(E + E'). They are pamcularly simple in Here E'=E, =(p"+M )i E E - (l’ +M )! and the nor-
the Breit frame defined by p=~p' =q/2, E' = = (M’ + q’/4)}. It follows that E'+M\}
in the Breit frame p+p' =0, @ = E' — E =0, and E = E in Table A6.2. malization constants are N = 2 M ( ) .
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The Non-relativistic reduction of current operators

L. L. Foldy and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950).

The non-relativistic transition operators are usually adopted in most studies and they
can also be derived by using a Foldy-Wouthuysen (FW) transformation.

Table: The non-relativistic reduction of the nuclear currents arranged in the order of (1/m,)k,
where m, is the nucleon mass, g* = p* — p'* and Q = p + p’ with p* and p" being the
four-momenta of the initial and final nucleon states, respectively.

k=2

v(k)o
w(k)o
A0
plkI0

1 4 (qg-1
Smgq (g —ioc x Q)

0

v(K)
wk)
Ak

p(k)

0
0
0

[i2(o x @) +i(o - Q)@ x @) — 4@+ (a- Q)q]
[UQZ—Q(U»Q)+q(G~q)—iq>< o]

0
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The transition operators for the NME

Thus, one finds the product of the currents,

A
T )T (r) = = 3w a(n — rm)(r — rn)<hp(q) + herom - on = hrsgn§s5)
m#n=1
where the spin-tensor operator in momentum space is introduced
Stn=3(om-q)(on- q)/q2 —Om-On, (36)
and
2 4
he(a?) = —g2 a - 9 37
F(q”) gv +8vew m gW4m123a (37)
2 2 § > q° > G
_ _ g 38
her(q°) EA~ EngP3 - +gP12m123 +gM6m%7 (38)
2 4 2
q 2 4q 2 9
hr(g®) = — = . 39
7(q7) EAEP 3 &P Tom2 +gM12mg (39)
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The transition operators in the 'standard’ mechanism

With the above expression, the transition operator 0% becomes

A
0 = Y it [ Bnd®rstn - rm)é(r — m)
m#n=1

y 47TR0/ d3q T2
g4(0) J (2m)® q(q + Eq)
A

47 Ry d3q i o
Biahid i9-rmn \ /O (o E .
mgl g,%(O) / (27r)3 € mn(9; Ed), (40)

he(q?) + heT(q%)om - o — hT(q2)S$n]

where the neutrino potential V%(q, Ey) is defined as

y TmTn
Vr?m(qa Eq) = m [hF(qz) + hGT(q2)0'm “ O — hT(qz)SI%n] (41)
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The transition operators in the 'standard’ mechanism

The transition operator can be written as a summation of Gamow-Teller (GT), Fermi,

and tensor parts,

0% => 0¥ (42)

«

where the GT, Fermi, and tensor parts are

A 3 ot

47TRO d q P TT,
% = / el b (q%), 43a
‘ m;nzzl g4(0) J (2m)3 q(q + Eq) (@) (432)

A 3 ot

47TRO d q P T T
OOV — / e!'q rmn m'n hGT q2 Om - On, 43b
. m;n::l g4(0) J (2m)3 q(q + Ea) (@) (430)

4Ry d3q . ot

ov = — e@rmn___m.n__p.(g%))S9 43¢
T 2 20 @t ata BTN (429

m#n=1
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The transition operators in the 'standard’ mechanism

With the plane wave expansion

e/drmn — 471'2 iLjL(qrmn)YL*M(Q)YLM(?mn)a (44)
LM

and the orthogonality relation

dgYim( @)Y (@) =0 dmme, Yoo = —, 45
/ qYim(@) Y (@) = 0rdmm 0= 7= (45)
one finds the expression for the Fermi part
47TRO dq q2 .- ~
oYy = / 470 it (qrmn) VAT 100M0 Yim (Fmn) he ()T T
¥ = 20 ) el By arm)y (Fm)E(77)
2Ry / 2 hF(qz) . +_+
= 99" ————==Jo(qrmn) T Th - 46
=g3(0) ] 4 olq+ £y ™) (40)
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The transition operators in the 'standard’ mechanism

Similarly, one can derive an expression for the GT part

47TRO d3q h-,—(q2)

OOV = - 47 iLjL d'mn Y* (A] YLM ;‘mn ng
Y= 0] Crratar )T 2 ) i@ Vi)
(47)
By rewriting the spin-tensor operator in Eq.(36) into the following coupled form
Varshalovich:1988
S3,=3{o1®02}2-{G® g}, (48)

and using the relation

(42§}, = ﬁ<1o10\20) Yo (@), {P@#}o,= ﬁ<1o10\20) Yo (). (49)
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The transition operators in the 'standard’ mechanism

One can simplify the tensor operator further

4—7TRO q dq hT
OOD = -3 l_IL qr'mn Yim(Pmn){om @ on}a
< [ daviu(ayas -,
47TRO q2dq hT( 2) . ~ ~
== —3 M’ I'mn Um®0-n L rmn®rmn —
2Ro / 2 hT(q2) . r
= g dg—————jo(qrmn) S/, 50
7g30 ) T “alq+ B 50
where the minus sign is canceled by i> = —1, and the spin-tensor operator in
coordinate space
5[’;"7 = 3{0'm ® Un}2 : {?‘mn ® ?‘mn}Z = 3(0'm : ?‘mn)(an : an) — Om* 0Op (51)
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The transition operators in the 'standard’ mechanism

Sf T |
E Av =085 GeV
e Adding all the three terms together, one obtains the transition i 5 N s
operator in coordinate space £ =
g2l

(a) Fermi (E; = 0)

A e
OI' Il
0 0 1 2 3 4
oY = E + + hFo(rmna Ed) 712 [fm]
m#n=1 5

Ful](l\,. 1.09 GeV)
=+ AA(AL = 1.09 GeV)
AA(Ay =2.18 GeV)

== AA(A4 =436 GeV) -|
— yra ]

+hGT 0(’12a E4)om - 0n+ hT 2(Fmny Ed)Spn | »

haro/Ra

(b) GT (E4 = 0)

where the neutrino potentials in coordinate space are defined as a6

— Full(l:',,‘:(!)

Full(Ey = 10 MeV) -
== Full(E; =20 MeV)
— l/m

2Ry [ ha(q°) )
KOV (r JEg) = 7/ dg O‘i qgr 3-
a,L( 12, Eq) ﬂgf‘(O) A q(q—|— Ed)JL( 12) ;

hero/Ra

(¢) GT (Aq = 1.09 GeV)

where Ey = (En) — (Ej + EF)/2 ~ 1.12AY/2 MeV. ! S e R

ri2 [fm]
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The phase-space factor

In the plane wave approximation for the electron wave functions

> u(ky, s1)a(ke, s1) = ki + me, (52)

S1

> u(ko,92)U(k2,2) = Yukb — me, (53)

S2

one finds the leptonic part

3 latka,s0)PRCET (ko) = 3TVI(1 +28) 0k + me)(1 = )kt — me)]

51,52

= 2(e1e2 — k1 - ko). (54)
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The phase-space factor

@ The phase-space factor is simplified as below

G4
Go, = W//5162—k1k2cos@lg)klkgdeldcosﬂlz
Gg g 1 /me+05@

e kikoerexd 55
(27)5RZ In(2) reacda (55)

Mme

where 015 is the angle between two electron momenta k; and k», and
€2 = E; — EF — €1. In the above derivation, we have applied the relation
k2dk; = kie;de;.
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The phase-space factor with Coulomb correction

In the Fermi-Primakoff-Rosen (FPR) approximation, the Coulomb correction F(Zg,¢)
can be derived analytically under the approximation that the two electrons scatter off a
point charge Zr in non-relativistic kinematics

. 21
NR 7 _ ™ (1 2_
~ FPR(Zp e) = <f{> F(ZF), (56)

where the Sommerfeld parameter n = aZre/k with k = |k| and € being the
momentum and energy of the electron, respectively, and

2ralE
1 —exp(—2maZF)

(57)

F(ZF)

for the energy-independent Fermi function.

JMY, Guangzhou 41 / 140



The phase-space factor with Coulomb correction

With the FPR approximation, the phase-space factor is simplified as

G4 m? 1 me+Qgs3
B "e PR PR
»(FP = k1 k ZF, ZF,
CollFPR) = Rz In) /m thoereaF " (Zp, 1) FH(ZF, e2)de
F2(ZF) GgmZ 1 [Qus 5 5
2 5 / dTieie;
R (2m)°In(2)

12

F2(ZF) Ggmﬁ 1 me+Qpp -
fry 2 e —
RZ  (2m)5 In(2) /m (Qap +2me — 1 eder
FA(Zg)Gsmi 1 (T8 T4 4T}
— -0 20 o2 7,
RT np in@) | 30 +3+ 5o +21g+ To (58)

where Tp = Qpg/Mme.
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The phase-space factor with Coulomb correction

Goy (x1074) [yr™1]

12

10

¢ FPR (a)
A Doi+(1985)/g5

V¥ Tomoda+(1991)/(4nR?)

% Suhonen+(1998)/g}

W Kotila+(2012) *
@ Stefanik+(2015) !
*

v ¥ :‘ LI~ B

" geles

80 100 120
mass number A

140

160

Goy (x1074) [yr™1]

12

10

0

[N B | =4

FPR
Doi+(1985)/g}
Tomoda+(1991)/(4nR?)
Suhonen+(1998)/g4
Kotila+(2012)
Stefanik+(2015)

e

%
1

¢

(b)

1.0

15 2.0 25 3.0

Qpp [MeV]

35

4.0 4.5

@ The FPR approximation underestimates the Gg,, in particular for the heavier
candidate nuclei.

@ The Gy, increases with the Qgﬁ value except for 1°°Nd (with a significant
distortion Coulomb effect for which the FPR approximation is not valid).

@ The use of a realistic proton density in isotopes brings changes less than 1%.
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Modeling atomic nuclei

SUN YAT-SEN UNIVERSITY

Degrees of Freedom Energy (MeV) Nuclear Landscape

. ©%°0 Gt g st i

3 gy é; e (Lattice) / X

5 & 28, = QCD for NP % =

| S e e A

@ 140 —

Q_,,? — 2010s —

§ onpraen 2000s ab initio methods

g High-precision

g

NN interactions
Entem, Machleidt (2003)

Chiral EFT for NN interaction weinberg (1991)

1.32
vibrational

Self-consistent mean-field/EDF approaches s o s
Interacting Boson Models Arima, Iachello (1974) IBM Bt

Hill, Griffin, Wheeler (1953,1957) GCM
Collective models Bohr and Mottelson (1953) ~ PRM, BH i
e

Shell models Bohm, Pines (1951-1953) RPA
Goeppert-Mayer (1949); ISM 3
Liquid drop model Haxel, Jensen, and Suess (1949) N
von Weizsicker (1935) b
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Modeling atomic nuclei from past to present

Modern studies: phenom. nuclear forces

Interacting shell models (|S|\/|) Vergados (1976), Haxton (1981), H.F.Wu (1985, 1993), Caurier (2008), Menéndez
(2009), Horoi (2010), Coraggio (2020)

Particle-number (and angular-momentum) projected BCS (HFB) with a schematic
(PP4+QQ) hamiltonian crot, Kiapdor (1985), Chandra (2008), Rath (2010), Hinohara (2014)

Quasi-particle random-phase approx. (QRPA) with a G-matrix residual interaction
Vogel-2v/ (1986), Engel (1988), Rodin (2003), Faessler (1998), Simkovic (1999), Fang (2010) OF EDF  Mustonen (2013), Terasaki
(2015), Lv(2023), Bai (20237)

Interacting Boson Models (|BM) Barea (2009, 2012)

GCM--EDFs  rRodriguez (2010), Song (2014), Yao (2015)

Angular momentum projected interacting shell model based on an effective
interaction iwata, Shimizu (2016) Of EDF  wang (2021, 2023)

Others: Generalized-seniority scheme  Engel, vogel, Ji, Pittel (1989)

Recent ab initio studies: chiral nuclear forces

@ Basis-expansion methods for candidates: vao(2020), Belley(2021), Navorio(2021)
JMY, Guangzhou 45 / 140
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The interacting shell model (ISM) in a nutshell tux %

. . . ‘ . . —%
Perez-Obiol et al., (2023) © 1010
13 9 ,.g
empty o e . © e © 0310 ﬁ
° 108 5§
e ° 4 4 4 «
a9 107 3
° b 4 2
—0000— —000e— ° FEPEES 106 g
valence o—o A p LS
® P v .4 > 10° @
Sl
zVIBRAIHe wa 108 8
o |t = Tuty oo ex o
IS ° AF ocril10? Z
o v
o-e ©-o g o® VNe ©7n] 4
10
|¥o) = c1|®1)  +  cf®y) +  c3|®3) 4. 2 4 6 8 10

N¢j, valence neutron number
@ Dimension of the model space: d ~ C,\Z,,VCNV, where M is the number of s.p.
states in the valence space for neutrons and protons.

@ Include all correlations, but in a limited model space determined by the
combination of valence nucleons and valence orbits.
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The interacting boson model (IBM) in a nutshell

The basic building blocks of IBM are s and d bosons

J. Barea and F. lachello, PRC79, 044301 (2009)

N
|Wo(N; ) o (sT + Zaudi) |vac), N = ns+ ng
m

SHELL-MODEL VALENCE

Q‘ (0) FULL FERMION SPACE
T ) - T T SPACE
st = E Q;j (c. X

A.Z N closed shells)
J
1 (2
di =3ty (¢ )

i< Vit

where s, d are Cooper pairs formed by two
nucleons in the valence shell coupled to angular
momenta J = 0 and J = 2, respectively. The
structure coefficients o, 3 are to be determined.

PAIR APROXIMATION

S,D PAIR TRUNCATION

s.d BOSON MAPPING

BOSON MAPPING
+ HAMILTONIAN Hg

L

PARAMETERS
€q. % X Xy,
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The pnQRPA in a nutshell

The proton-neutron quasiparticle random-phase
approximation (pn-QRPA) as a method for

small-amplitude (charge-changing) excitations. P P ONV%
p n
@ From g.s. to excited state .
W, (Niye)) = QUIQRPA),  QuIQRPA) =0

where (quasi-boson approx.) VD) = QL |QRPA)
=ql,

Np) =Ql, |QRPA) —
Qi = ZXI’;"/BIJE’B:YT B Y:"/B”ﬂp? [Qua QI/] = 51/1/’ sl vl ) —
pn

)

S

(A, Z+1)

&0
N
N

o (Q)RPA equation P. Ring, P. Schuck, The nuclear many-body

problem, 1980 0"

BB :

A B XY 1 0 XY azs2)
pn | _ pn
(B* A*> (Y;,,) e (O _1> (Yp”n>
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The GCM in a nutshell

The wave function in generator coordinate method (GCM) is
constructed as a superposition of mean-field configurations with

different intrinsically deformed shapes

Womx) = Y fR(ai) Pl PN |0 (ar),
qi,K

E (MeV)

where the angular momentum projection operator

. 2J+1 o
Pl = = / dQDL (Q)R(Q).

O : § * ﬂ S+ - RO)%(a)

®+ @ + @ + "6 + - = R(Q)M)(QJ))




NME of Ovj3/3 decay

@ Nuclear models produce many-body wave functions ’\IJ,/F>
@ By writing the transition operator in second quantization form, the NME becomes

MO = (We O% [w)) = 3 (pp/| 0% nn')(We|chcl, cwen|W))
pp'nn’

@ The two-body matrix element (pp’|O% |nn’) depends on transition operators.
@ The two-body transition density <\IJ;:|C,JEc;,cn/c,,]\U,) depends on nuclear models.

Extended Wick Theorem: R. Balian, E. Brezin, Nuovo Cim.B 64, 37 (1969)

For two arbitrary non-orthogonal quasiparticle vacua, |®)),|®f), one has

(®F|chcl cuenl®)
(Pr|P))

= (p|ccl @) (DF|cwen|Pr) + (DF|chen @) (P[] ®))

—<¢F‘C;£Cn/‘¢[><¢p|c;cn/’¢/>. (59)



Comparison of nuclear models

SUN YAT-SEN UNIVERSITY

10 T T T T T | :

n ISM(Menendez+)
‘a v ISM(Horoi+)
s gl IBM2(Barea+) i
v QRPA(Mustonen+)
] X QRPA(Hyvarinen+)
=] +  QRPA(Fang+) 44
5 6F < GCMREDFPC-PKI) 9 . h
- 2 >  GCM-NREDF(DIS) 53 To Ty <
o s R > b
= > x 2.8
> 4+ - x x B
£ Ty +
wv < + 8 +x A
= 4

= v J
° 2 vy o
[
N v
wv

0 1 1 1

1 1 1 1
0 20 40 60 8 100 120 140 160

Number of Slater determinants Mass number A

@ A general argument: nuclear-structure properties reasonably reproduced (to be
checked quantitatively).

@ These nuclear models are not equivalent! Different schemes (model spaces and
interactions): apples v.s. oranges

@ ISM predicts small NMEs, while IBM and EDF predict large NMEs. Efforts in
resolving the discrepancy: very difficult or even impossible?
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Comparison of ISM with QRPA

@ Seniority number: number of particles that
are not in pairs.

e Enlarging the model space of ISM (with the
nonzero seniority numbers) reduces
significantly the NMEs.

@ The NME by the spherical QRPA is
comparable to that of ISM with s < 4.
Caveat: different interactions are employed!

JMY, Guangzhou

& 5
=
4 i
2 i
6 8
maximum seniority
6
* e Tu07
* Jy07
51 * ¢ ISMs<4||
W _ISM full
=4 * B
B
- f
3+ - B
. i
of " . [] ] B

1 ! I 1 I
A=76 82 124 128 130 136

E. Caurier et al., PRL 100, 052503 (2008)
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Comparison of QRPA with ISM and IBM studies

To understand the discrepancy between ISM (IBM)
and QRPA, the same operators should be employed.
e With the same interaction jj44 (pf5g9), the
QRPA and IBM produce systematically larger
M® values for the NMEs than the ISM (CI).

Brown, Fang, Horoi, PRC 92, 041301(R) (2015)

Conclusion

One of the main sources of discrepancy between ISM
and QRPA is the different numbers of pairing-broken
configurations which decreases the NME significantly.
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Comparison of ISM and EDF studies

o

19,
i

oo

@ The NMEs by the spherical EDF calculation 28
approximately equal to the ISM with the b oru N esuw
seniority number s = 0. R AN

@ The full EDF (with deformation and other Prs . )
effects) produces a much smaller NME, ! S N
much still larger than that by the ISM. o (a) ®Ca> *Ti | | (b) *°Ti— *%Cr

o Caveat: different interactions (Gogny D1S in ° ‘ —_—
EDF and KB3G in ISM) are used. o g il ]

2 0.4 -
In the EDF studies, it is necessary to include w0sle T
pairing-broken configurations with 4L (@ %ca~m @ ®rior |
higher-seniority numbers, which together with 0 e sin.or?ty N sin.or?ty o

deformation effects quench the NME.
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@ Re-writing the transition operator by inserting intermediate

states | V) “4Ge

| 76Ge

v v wo-nucleon transfer
MO =37 (pp/| O [nn) Y (Welcheh W) (WnlewenWi)

7680 —74Ge — 76Ge

pp’nn’ N

where the intermediate state is chosen differently.

aniant’ P
»\‘&\v\au—‘_q\v\GT—

(Nal)y50 1
]

@ The NME is decomposed into sums of products over the
intermediate nucleus with two less nucleons.

@ Pairing interaction enhances the two-nucleon transfer cross
sections and thus the NME. c. potel et al., PrC87, 054321 (2013)

summed Ovpp NME
onNbrOBONAEDB®OND O ®D

=)
2

@ The QRPA and IBM treat the pairing correlation differently.
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Indication from the results

of transfer reaction

o—

proton

N W
- N

»
o

Running sum of do/d€Q2 (mb/sr)
s

_
ao

138Bg

T~

ISM (w/o core polarization)

&

136Bg

ISM (w/ core polarization)

=N

—— Experiment 132
sn100pn
— sn100t

1 2.0

1 281 —

— GCNs0:82
*4'_,—,—’—_/ 1 24

— Experiment 1
s0100pn-CP
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I

0

L L L 1
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Excitation energy (MeV)

B.M. Rebeiro et al., Phys.Lett.B 809 (2020) 135702

JMY, Guangzhou
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Core polarization

@ Core polarization effect is necessary for
the ISM to reproduce the
138Ba(p, t)'30Ba reaction

@ With this effect, the J = 0 component
of MY, increases from 5.67 to 8.96.

cross section.
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Model-space effect on the NME in ISM

(iynital|_final i) N (i)~

Ay iy Ok = 480
| | a 1
(iv) ) —
S came i L of ]
2 —
Z - e
1 B R - L

SM S

QRPA IBM EDF  SM M
() (MBPT) (sdpf)

@ The NME increases by about 30% (M® = 1.1), which is due to cross-shell
sd — pf pairing correlations. v. iwata et al, Phys Rev Lett 116, 112502 (2016)

Conclusion: enlarge the model space of ISM generally increases the NME.
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Uncertainties from different treatments of pairing correlations

The isovector pairing interaction, 2 - A - -
mV A
10 | A [m} -
th rn—+nr o ov
VPP (r, ) = [t6+3p< 5(rn—n) A i
6 2 A
6 fv ..AV -
Parameters t] are fitted to pairing gaps = v A
. . I volume pairing surface pairing E
determined from odd-even mass difference and AE e kM 5 S
® SkO' o  SkO'
e Volume type: t; =0 1 e A SLys a7

e Surface type: t} # 0, reducing pairing in ysem, v god

nuclear interior.

76(;e SZSe lZ8Te lSI’JTe 136Xe

Two different choices of isovector pairing

. . . . W. L. Lv, Y.-F. Niu, D.-L. Fang, JMY, C.-L. Bai, J. M , PRC108,
interactions leads to quite different NMEs. ! N e e

1051304 (2023)
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Uncertainties from different treatments of pairing correlations & fux #

SUN YAT-SEN UNIVERSITY

:(1' (a) Ge 1(b) (©)
o8 P T e RGen
8 oBo O [} o 9% 0 NR-GOM
H 1 7 o o
18 Skyrme EDFs characterized with . das ol oo »
_ . » R S S %
o different nucleon effective mass m ; .
+ 3
1 1 1 2 -y *
(single-particle properties), 12 e
. 45
o different Landau parameter g} w0l @ Xe | () ® -
. - - . . . 35 v
(spin-isospin excitation properties) .
. .« . 25
and two types of isovector pairing I D . E
interactions are employed in the S %j ERE SRR A I
spherical QRPA calculation. 0s 3 e

0'—‘].4 0.0 0.4 08 1.2 1.6 20 04 0.6 08 1.0 1.2
m*

W. L. Lv, Y.-F. Niu, D.-L. Fang, JMY, C.-L. Bai, J. Meng, PRC108, L051304 (2023)
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certainties different treatments of pairing correlations MK 2

YAT-SEN UNIVERSITY

Angular momentum projected Collective ground state
potential energy surfaces wave functions

Isovector pairing

@ The inclusion of isovector pairing
fluctuation increases the NMEs of
candidate nuclei by 10%—40%

1 N. Lépez-Vaquero et al., PRL111, 142501 (2013)

B (*Ba)

0 X
B2 ("*Xe)
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Uncertainties from different treatments of pairing correlations

EMev) 0 _2 4 6 8 10 12
—

|g]? 000002 004 006 008
—

20

0.2 0.0 0.2

B

C.R. Ding, X. Zhang, JMY, P. Ring, J. Meng, PRC108, 054304 (2023)

|

I
g )

@ The inclusion of isovector pairing fluctuation enhances the pairing correlation,
increasing the excitation energies.

JMY, Guangzhou
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Uncertainties from different treatments of pairing correlations & fux #

T S ] @ The predicted NMEs are reduced by
of ! E[ERTT— about 12% — 62% with pairing
3 oF 4 . : 3% VSIMSRG (L+s) strengths determined by excitation
S >
. § . R 1 « sQreA(G) energies.
o . ! { 1+ darea) .
oo Ly commsan @ The NMEs increase by about
ok o 1BM-2 56% — 218% with isovector pairing
aof o] ™ fluctuation (an uncertainty of a factor
[ N e GCM(PC-PK1,82)
ok g 1 semeerki up to three), comparable to the
= f . I GemMp1s) observed discrepancy among various
= 2of | 7 sonnsa nuclear models
N ’ ° # SQRPA(Sk)-Sur :
wof- © . o L @ Including isoscalar pairing and cranked
3 states to reduce the uncertainty.

0
766e BZSe IOOM0 130Te 136Xe

C.R. Ding, X. Zhang, JMY, P. Ring, J. Meng, PRC108, 054304 (2023)
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Uncertainties from different treatments of pairing correlations b X 2

YAT-SEN UNIVERSITY

. C. F. Jiao, J. Engel, and J. D. Holt,
N. Hinohara & J. Engel, PRC96, 054310 (2017)
PRC90, 031301(R) (2014)

B8 wio isoscalar pairing
D) wl isoscalar pairing
20¢ Il exact solution

bT=0J>0

GCM SkO'
s QRPA SkO'

GCM SkM*
QRPA SkM*

Isoscalar pairing o 05 1 15 2 25 3

gT=D/§T=l

“Ca—"Ti *Ti—™Cr “cr—%Fe

@ The NME decreases with the increase of the strength of isoscalar pairing.
@ The isoscalar pairing fluctuation decreases the NMEs of candidate nuclei.

Conclusion: The strength parameters of pairing correlations between nucleons in QRPA
and MR-EDF need to be further constrained by other data than odd-even mass
difference.
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Contents

e Lecture two: Ov(33 decay and nuclear structure within chiral EFT
o Leading-order chiral EFT description of nn — ppe~e™ transition
@ Preprocessing nuclear chiral forces
@ ab initio nuclear many-body methods
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Towards ab initio calculations of 03[ decay Fux

SUN YAT-SEN UNIVERSITY

Nuclear structure and Nuclear structure and
reaction observables reaction observables

!

Ab initio many-body frameworks ]

T

( Lattice QCD ] ( Renormalization group methods

T

[ Chiral effective field theory ]

nuclear interactions

T

Quantum chromodynamics ] [ Quantum chromodynamics ]

—

K. Hebeler, Phys. Rep. 890, 1 (2021)
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Towards ab initio calculations of 03[ decay

Basic ideas of constructing an EFT

S. Weinberg, Physica 96A, 327 (1979); S. Weinberg, Phys. Lett. B 251, 288 (1990); Nucl. Phys. B363, 3 (1991)

e Symmetry consideration (chiral symmetry of QCD)

@ Identification of important energy scales (active and break down), and the
effective degrees of freedom (pions and nucleons)

e Writing down a most general Lagrangian (order by order convergence)

EFT for an elephant:

LO NLO N2LO
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Towards ab initio calculations of 03[ decay

Strategy for developing ab initio methods for 0v33 decay

@ Operator forms: (Chiral) effective field theory (EFT) to specify the forms of
nuclear forces and transition operators at different orders.

@ Parametrization: Scattering data or Lattice QCD calculations to determine the
low-energy constants (LECs) of the operators.

@ Many-body solvers: A systematically improvable nuclear-structure theory to solve
the nuclear many-body problem and compute observables.
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Nuclear forces from chiral EFT

@ Non-relativistic chiral 2N+3N interactions (Weinberg power counting and others)

NN 3N 4N
(TR Weinber |

ongl;‘(/)/\"; >< }{ I -

Ordonez,

van Kolck [166-169]

NLO

aem | ¥ 4 k1 Wity

, ] (o | o

W T HH X —

b X H R -

2008-2011> [183-185]

[0] @ [186] [0]

d B EX -

[188,189]

e

B L b

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

o Relativistic chiral 2N interaction (up to N?LO)

J.-X. Lu, C.-X. Wang, Y. Xiao, L.-S. Geng, J. Meng, P. Ring, PRL128, 142002 (2022)

C2011= > [190-192]

PR FED S b
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tuxg

EFT for the Ov(5[5 transition operators

Model-independent analysis of operators at different energy scales cirigiano (2018)

> PN
B ® @
Q |
S Mgt i
A VR VR
o W .
oy
E - -
wv Electroweak symmetry N e e u
~100GeV |- breaking v
e b w.
s
E Match to ChiPT
oy (LECs in Table 1) d d
~1G R,  susmeanTTITETD SISCLLD Th ST Bt S SnceeTTITIs suteew REMLLEERERE
b . - mgg
% Y% Inﬂpevl IW—)EV I I‘nnappeel Inﬁpweel I1r1r—)ee I ~
o Y ) 2 T T Construct0v33
operators (Eq. 24)
0v38 operators 0vf3B operators
(Long-and pion-range) (short-range)
NMESs (Table 2)
AAAP,PP ) AP.PP
IMF,sd» MGT,sd ) MT,sd I
e
. ] Phase space integrals
~ 1MeV (Table 4) e
—0%) Master formula V|=2
(Eq. 38)

ground state of ground state of
initfal nucleus  final nucleus
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EFT for the Ov(5[5 transition operators

@ In the SM-EFT, the weak scale effective Lagrangian with the Weinberg dim-5
(AL = 2) operator
i

Log = Lont + 22 cemnl T CLE HiH, + H.c. (60)
ALy

where LT = (v, e), o, B = e, i, 7, and i,j, m, n are SU(2) indices.

@ The quark-level Lagrangian for the Ov3/3 decay induced by the mgg

4G _ _ m
Leg = Lqop — Tgvud(UL’Y'udL)(eL’YuVeL) - %VJI—_CVeL + H.c. (61)

where Gg for Fermi constant, and V4 for the CKM matrix.
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Chiral EFT for the O3 transition operators

@ For low-energy hadronic and nuclear processes (E ~100 MeV), the above Log
needs to be mapped onto a theory of hadrons, which can be organized using chiral
EFT according to the scaling of operators in powers of Q/A,,

Q ~ my ~0.14GeV, Ay ~4nF; ~ 1.1GeV. (62)

Operators in the chiral EFT are expressed in terms of the following degrees of
freedom: N, 7, e~ , ve.

e Naive dimension analysis (NDA): Feynman rule for the propagators

M@, w(@7F). 9@, [ d*(Q) (63)
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Chiral EFT for the O3 transition operators

@ The power of a connected irreducible diagram involving A nucleons s. weinberg, Phys. Lett.

B 251 (1990) 288; 295 (1992) 114;Nuclear Phys. B363 (1991) 3
v=2A-2C+2L -2+ A, (64)
i

where A, C, L are for the numbers of nucleons, separately connected pieces, and

loops in the diagram, A; for the interaction vertex.
e For the NN system, A=2,C =1,L =0, the power is simply determined by (v.

Cirigliano+, PRC2018)
nf
>a=2( ), (65)
where n¢, d count the numbers of nucleon fields and derivatives, ne for numbers
of charged leptons in the vertex.



Chiral EFT for the O3 transition operators

Counting the power of vertices

Ve
(& ng
A(nf=2,d=0,ne=1)=?+d—2+ne=0
. "
] A(nf=2,d=1,ne=0)=7+d—2+ne=0
e n
o A(nf:4,d:0,ne=2)=7f+d—2+ne=2
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Chiral EFT for the O3 transition operators

For the 3N system, A=3,C =1,L =0, the power v becomes

N2LO Lo

N3LO

I/—2+ZA,—2—|—Z

+d—2+ne).

@ Fux

SUN YAT-SEN UNIVERSITY

(66)

Standard mechanism of exchange light Majorana neutrinos

Non-standard mechanisms

Long-range (LR) Short-range (SR)

P

[
' —
3)

Dimension-(6,7)

=B

[ 5@

dimension-9 ;

@) ) (

[Correction to current ~ one-loop diagrams

o /N | ;
(4) (5) Cirigliano+(2018) | (6)

C3,C4 CD

two-body current

[cirigliano+(2017)]

|Prézeau, Ramsey-Musolf, Vogel (2003)|

Y, Guangzhou
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LO description of nn — ppe~ e~ process

@ Diagrams for nuclear force at the LO:

@ Nuclear potential

2 (1) @ .
LO g (e -q)(c'¥ - q)
VEO(q) = Cs+ Cra®.o® — ﬁ ——— L0 2

W, () _ _8a q’ 1, 5@ qa’ (12)
= Cs+C : - 1— . -—2 5
ST T T P ( q2+m%)” e em

where g = p — p’ for transferred momentum and Cs 7 for the LECs of the
contact interaction and

1 2
5‘(’12) _ 3(0( ) 'Q()]gﬂ( ) q) o). @ (67)
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LO description of nn — ppe~ e~ process

e For the nn/pp and 1Sy channel,

oW .o@ = 3 s _gq (68)

the LO nuclear potential is simplified as

150/, ./ ga q?
Van (P p') = CS—3CT—m (1_M>]
2 2
— EA me
= S (C- . 69
4F?2 ( q’>+ m,2r> (69)
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LO description of nn — ppe~ e~ process

@ The high-momentum part of the nuclear potential is regulated

Vi (p: P') = = (p) VAR’ (P, P )N (P') (70)

fnexp _ p2 e
A=l = | s . (71)

The NN potential of the partial wave 1Sy in coordinate-space is given by

where the regulator

ViR ) = 2 [ doe? [ (0 Riolrlio Vi e ). (72)
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LO description of nn — ppe~ e~ process

@ The LEC C is fitted to NN scattering length for a given regulator (A, nexp).

@ At low energies NN scattering, the s-wave phase shift § can be written as

1 1
pcotd = —= + Zryp?
a 2

where ry is the effective range, and a the scattering length.

A =[2,21]fm™?

T T T T T T T T : T T T r T T T
25 50 75 10.0 125 15.0 17.5 20.0 0 25 50 s 100 125 150 175 200
Alfm™Y] p [MeV/c]
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LO description of nn — ppe~ e~ process

@ The external wave function of two-nucleon

NN scattering wavefunction by LO potential

. —id,
e % ;
\ o~ ext _ 2id
75t ugt(r) = Y le(n, kr) — e Oy(n, kr)| (73)
sof|
| y. .
s / where the incoming and outgoing wave functions
E \
= 00
s nnfinterior, p=25 MeV —i(x— l£7r—'r] In 2x+0'g)
-25 ppfinterior, p=38 MeV /g(n, X = kr) — € 2
nnfinterior.iree X—>00
50 nn/exterior O _ k I(Xflgﬂ-fnho] 2X+0'2) (74)
pp/extarior 5(777)( - r) — € 2
nn/exterior.free X—>00
-15 fiokknnr)
] 5 0 15 E 5 0 E3 a0
r[fm) We neglect the Coulomb force, i.e., n = 0.

@ The internal wave function is obtained using the

R matrix. p. bescouvemont and D. Baye 2010 Rep. Prog. Phys. 73, 036301
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LO description of nn — ppe~ e~ process Fux g

SUN YAT-SEN UNIVERSITY

The impact of momentum p and cutoff A on the wave function of two nucleons.

interior exterior
8 8F T ]
s A=500 [MeV]
4 6 1
? E =25MeV/c
<, p=26MeVv =4tk p= €]
S | P27y i, ) :,f —— A=20fm™!
— p=28MeV : s b - -1
o, s ; A=25fm
-4 p=29 Mev . S 2r —— A=50fm" |
6 | — p=30Mev R =o0m .
s p=31MeV R ok — A=200fm" |
o o P » P 0 0 1 2 3 1 5 6 7
rfm] r [fm]
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LO description of nn — ppe~ e~ process

@ At the LO, the hadronic current (V+A+P)

T = [gvv“ — ga7" s I -
e i
+gA2iq”’Ys Hy  (75)
(g2 + m2)

Again, the transition operator of Ov3/ decay is decomposed into three terms

OOD = Z 7';7_7';_ lh%70(rmn7 0) + h%VT,O(rl27 O)Gm "o+ hQI—V,Z(rmna O)ann ’

2Ry < ha(q2)-
o1 (r2,0) = 7/ dg ¢?
a’L(f12 ) wgf‘(O) A qq P JL(qf12)
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LO description of nn — ppe~ e~ process

But the neutrino potential at the LO is simplified as,

he(@®) = —gb, (76)
2m q> 2m q*
h 2y 2 2 p 2 [ RY)
GT(q ) 8a gA(q2 + m721—)3mp +gA(q2 + m2 ) 12m2
2 2 1 4
- all-3ar = t3ra (77)
3¢+ mi 3(¢*+mZ)?
2m q> 2m q*
h(a?) — g2 p 2 P \2
T(q ) gA(q2 + mgr)?)mp gA(q2 + m2 ) 12mg
2 g 1 q*
= &3 2 2 3 (a2 2)2 (78)
3¢>+mz  3(q°+m3)
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LO description of nn — ppe~ e~ process

We only consider the transition nn(*Sy) — pp(1So), for which o -0, = =3, S" =0
o = Z Tm [hFO fmmO)—3hOGVT,o(f1270)]
m##n=1
A 2Ry [
= =Y iS5t / dq ¢°V5>°(a°)jo(qn2), (79)
m#n=1 ﬂ-gA(O) 0
where
1 2 g 1 q*
VlSO 2 — T |2 +3 2 1- = + =
Ov (q ) q2 8v gA 3q2_|_m72T 3(q2_|_m72r)2
L1 2 mz)
q? lgv gA( (g2 + m2)?
(80)
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The missing piece in the LO transition operators

New Leading Contribution to Neutrinoless Double-g8 Decay

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Michael L. Graesser, Emanuele Mereghetti, Saori Pastore,

and Ubirajara van Kolck
Phys. Rev. Lett. 120, 202001 — Published 16 May 2018

-
Ph)/SICS See Synopsis: A Missing Piece in the Neutrinoless Beta-Decay Puzzle

in models of neutrinoless double-beta decay could impact the 0.07
pl = 50 MeV

The inclusion of short-range i
interpretation of experimental searches for the elusive decay.

e teed

0.00'
0.005 0.010 0.050 0.100 0.500
Rs (fm)

Lines fittedto A, =a-+blnRg
logarithmic dependence on Rs

J.de Vries/Nikhef; adapted by APS/Alan Stonebraker
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LO description of nn — ppe~ e~ process

5.10°2 v
independent of the cutoff value I — A =2
'; AL Nexp =4
R, € [0.05,0.7)fm 2 oo — G2 |
R 53 — CAg,ney =4
w0 A € [2,20]fm™* - .
L [ ) ] . s‘ynthetictm\,,
E;s-xo 3 o : I =3
< Small spread 4 :
— %,
— R 7
3 R .
- YEFT l ‘/
. T -2r @
B v m |P|(1\?()'V) = : s [fm™] ’ :
A [fm™!

Toward Complete Leading-Order Predictions for Neutrinoless
Double B Decay

Vincenzo Cirigliano, Wouter Dekens, Jordy de Vries, Martin Hoferichter, and Emanuele Mereghetti
Phys. Rev. Lett. 126, 172002 — Published 30 April 2021

mmmm) Synthetic data A, (|pl, |p'|)e ™ 5o PP +o15,(P'D) = _0,0195(5) MeV 2
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Contribution

of the contact transition operator to the NME

2Be - 12C
15 t [ YEFT
+++ ¢ oL
L0 4 # ® o5
¢t
- ,"-.
s 0.5 : §+
s it
0.0 i
+M o
—0.5 ‘Q.‘“O.
[0 2 4 6
7 (fm) ©
A Model M Ms Uncertainty
6 AV18 7.45 0.48
XxEFT 7.82 115 +/-16%
12 AVI8 0653  0.518
XEFT 0725 0533 +/-73%

V. CIRIGLIANO et al. PRC 100, 055504 (2019)
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According to the VMC calculation, the
contribution of the contact transition
operator

Vis = ~2gir 700+

to the NME of Ov3/ decay of

@ %He could be up to ~ +16%

e °Be could be up to ~ +73%
The actual contribution depends on
the value of the LEC glfVN, which
should be determined by the data of

the process or the calculation of a more
fundamental theory for the process.



A relativistic description of the Ov35 decay at LO

A recent study in the relativistic chiral EFT

Bethe-Salpeter equation
shows that

- o - o

ey, M1 -
TP =VQe 7P)+/#V(P P )ﬁm”? ,P)
. . v Pt
@ the nn — ppe~ e~ transition amplitude A,

is regulator-independent, thus no need to . . . AL
introduce the contact transition operator. Lippmann-Schwinger equation o -
_ -, 765 = V6" 5+ [ @06 5" TG" )
@ The predicted A, = 0.02085MeV ", about PPt e
10% larger than the value by Cirigliano i b
(2021) ool So o oo
. % o025l 1
@ The discrepancy could be attributed to the §0020 o 1EFT R)
different power counting: the LO of 5250‘015»' o Cwig::zom_
relativistic chiral EFT contains partial N2LO 0-010- el 0
contribution of non-relativstic EFT. S04 1 4 10 40
A (GeV)

Y.L. Yang and P. W. Zhao, arXiv:2308.03356v1 (2023)
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The contact transition operator for Ov(55 decay

Challenge to extend from two-nucleon system to finite (candidate) nuclei

Two main difficulties: repulsive hard core and quantum many-body problem.

. . 6
@ The LEC gMN consistent with the employed [ °He >°Be
. . . . . + O ‘ EM(1.8/2.0)
chiral interaction (EM1.8/2.0) is determined o+ B0l
. LNL(2.0)
based on the synthetic data. v e
8He »8Be o 4 AN2LOgo (=)
@ The contact term turns out to enhance
i 48 X EM(1.8/2.0)
(instead of qunech) the NME for *°Ca by o EwNC.0)
. 0 . LNL(2.0)
43(7)%, thus the half-life Tl/"fﬁ is only half g: Loz
of the previously expected value. e e
. . . 48Ca ->%®Ti  IM-Gcm
e The uncertainty (7%) is due to the synthetic o ¢ EM(L82.0)evss =)
data which can be reduced by using an 2! it o2 O 10
accurate value of the LEC (g/VN). 0 EM18/2.0/extra)
. 0 1 2 3 4 5 6 71 8
R. Wirth, JMY, H. Hergert, PRL127, 242502 (2021) MOV
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Features of realistic nuclear forces

Ve (r) [MeV]

300

N

=3

3
T

=
3

repulsive

core

@ Repulsive core & strong tensor force:

2y [MeV]
b
T

ground-state energy

Vn = N'LO (500 MeV) E

Helium-4

2 2 ]

5 af V= NLO E

m

L -25 =

S

7 i oing

Z -0 Original E

5

g 1F 3

&} expt.
-28F N ]
29, 0 11

4 6 8 10 12 14 16 18 20

Matrix Size [N

max

1

high k modes strongly coupled.

tuxg

SUN YAT-SEN UNIVERSITY

low and

@ non-perturbative, poorly convergence in basis

Y, Guangzhou

expansion methods.
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Low-pass filter

Original image Resultant image

IFFT T

1FFI’
low pass filter
(remove high-frequency Info)

In Frequency Domain

@ Low-pass filter: passes signals with a frequency lower than a selected cutoff
frequency and attenuates signals with frequencies higher than the cutoff frequency.

o Long-wavelength (low-E) information is preserved.
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w-pass filter X2

low pass filter
(remove high-frequency Info)

>

k=2fm :_|

20[. T
o Cutat A=22fm! :
o Fails to reproduce the phase shift N afterlow-pas

phase shift (degrees)

. « filter
@ because low and high k are coupled B ST L
101 200 300
R. J. Furnstahl, K. Hebeler, RPP(2013) Ey,, MeV)
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Basic Idea of Similarity Renormalization Group (SRG)

@ Renormalization group (RG) is an iterative coarse-graining procedure designed to
tackle difficult physics problems involving many length scales.

@ To extract relevant features of a physical system for describing phenomena at
large length scales by integrating out short distance degrees of freedom.

@ The effects of high-E physics can be absorbed into LECs with the RG.

K. G. Wilson (1983); S. D. Glazek & K. G. Wilson (1993); F. Wegner (1994)
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Preprocessing with SRG

@ Apply unitary transformations to
Hamiltonian

Hs = UsHUI = Ty + Vs

from which one finds the flow

equation
dH;
ds [1s, Hsl, s = [Trel, Hs] The flow parameter s is usually replaced with
) ) A= s"*in units of fm~! (a measure of the
Evolution of the potential spread of off-diagonal strength).
dVs(k, k')

2 o0
e —(k* = K®)Vs(k, k') + ;/0 q2dq(k* + K2 — 2¢*) Vs(k, q) Vs(q, k')
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DX B

Preprocessing with SRG
k2 (fm?) k2 (fm?) k2 (fm?) k2 (fm?) k2 (fm?)
0 4 812 0 4 8 12 0 4 8 12 0 4 8 12 0 4 8 12 05

<
g 0 (fm)
~
4
A=3.0fm’ r=20fm |A-15fm” M.
120 v
90 — Argonne v H ---Initial
60 —  N’LO-500 .“- — Evolved
3 A=co N A=1.60fm!
2 2 '..
= ol
-30
-60 1

2 3 4 .1 2 3 4 1 2 3 4 1 2 3 4 1 2
r [fm] r [fm] r [fm] r[fm] r[fm]

Local projection of AV18 and N3LO(500 MeV) potentials V/(r).

@ The hard core "disappears” in the softened interactions

S. K. Bogner et al. (2010); Wendt et al. (2012)
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SRG evolution of nucleon-nucleon interaction

0
1 -10

— 1 20
o0 L
(9]
A 7 1 30 ‘
g 0 500 1000 0 500 1000
g R ] — avis
g F 1
A 3 jmmmme ] e AVISK =22 fm]

--- V, [k, =22fm"]

I BNV
500 1000

E,, [MeV]

Figure: Blue dotted (red dashed) lines for the low-pass filter (SRG-softened) of AV18; black
solid for the full AV18, on top of that for the SRG-softened AV18.

The NN phase shifts are preserved in the SRG. s. k. Bogner et al. (2007); D. Jurgenson et al. (2008)



SRG evolution of nucleon-nucleon interaction Fux %

s [fm']
soE 1 v T ™ 0.1 0.01 0.001 _ 0.0001
5.0f T —rr e T T T
_ssE triton A l:M‘nf: E 81k |
& N v A=3fm
E o =1 r .
6.0 *A=2 "“,1 E triton
£ >—> A= 1fm 82+ 550/600 MeV y
[ = r NN-onl
> 6.5 & = _ Y ]
() £ > 4—= NN + 3N-induced
2 600 MeV o S50/600MeV | 3 o NN 3N ind
= -70F v 4 & -83F 1
) £ .
EX A b 3 G S w -+ 450/500 MeV
15PN e, " b 600/500 MeV
F . oo PR -847 > 450/700 MeV|
—80F v SN * 9 600/700 MeV
] Vv
Vv v+ >
[e e 2 bo Stasasacces oascsan i eeaseses sae
-85F o009 ool -85- b A N Expt. 1
- il PRI B S SRR SR
) L
a0 20 w2 =0 15 2 3 45 7 10 15
max max A [ﬁn"]

@ Convergence becomes faster as the decreases of the \.
@ importance of (induced) three-body forces, NO2B approximation

Bogner et al. PRC75, 061001(R) (2007); Furnstahl et al. (2013)
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A toolbox for nuclear ab initio methods

@ Quantum Monte-Carlo (QMC) methods
o Lattice effective field theory (LEFT)

Basis expansion methods

@ Full configuration interaction (FCI) or no-core shell model (NCSM)
@ Coupled-cluster (CC) theory

@ In-medium similarity renormalization group (IMSRG)

o Self-consistent Green's function (SCGF) theory

e Many-body perturbation theory (MBPT)

o (Relativistic) Brueckner-Hartree-Fock (BHF) theory
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The Full Configuration Interaction (FCI) Method

@ All A nucleons are considered active.

@ The nuclear wave function in the FCl is expanded in a set of Slater determinant
basis functions,

(WEED) = 3™ ¢ |oy)
P

where the many-body basis |®,) consists of all Slater determinants constructed
from the single-particle basis set

{104) = A (0 - 1)} -
@ The expansion coefficients are obtained from a large-scale Hamiltonian matrix

diagonalization.
D HuCi = EC, Hu = (®u|H|®))
I
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The Full Configuration Interaction (FCI) Method

@ Starting from a reference state

Do) = A(¢y, .. pi,)

which is a single Slater determinant build from the set of single-particle orbitals
that minimize the energy functional E,ct[¢i,, - .., ¢i,], such as a HF state.

@ The FCI wave function can be parametrized by the linear ansatz

A
‘W(FCI)> (1+ ¢ FCI)) o), cFen _ Z (FCI)

where the np — nh excitation operator generating all possible np — nh excitations

reads
~ ai,an af AT a.
Cp = ()2 E S 13- TR

Q>
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The Full Configuration Interaction (FCI) Method

The orbitals occupied by the reference state , :
. P12 H .
(referred to as hole states) and the unoccupied e —— particle states  : a, b, c,...
. 2050 T~
(particle) states "
any state 2
’ 1d.
Pyq.r,... [ oeee—
25y, —g—@—
. . . - 1d5/2 208800 ..
hole states tiyj,k,... €  occupied in |Dg) ; hole states Cijk,
. . . R ———
particle states :a,b,c,... €  unoccupied in |®g) P """@
— 1s1/2

any state Top,q,r,...

Neutron/proton
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The Full Configuration Interaction (FCI) Method

Dimension of model space

Considering n neutrons distributed among N
single-particle states

N N
n )~ (N—n)nl

160: 4 major HO shells only (0s,0p, 1s,0d and
1p, 0f shells), total 40 single particle states for
neutrons and protons.

2
0\, a0 5
( 8 ) = () ~ 12107

possible Slater determinants.
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The Truncated Configuration Interaction: CIM

In practical calculation, the wave function is truncated up to the Mp — Mh and the FCI
in this case is called CIM

CFCD) o ﬁ/’: ¢(cmv)
n=1
and "
b (1 4 Z &gcm) o) = E(CIM) <1 n Z C(CIM)> |®o)
n=1 n=1
Notice: the wave functions of configurations are orthogonormal, and thus,

M M
(o] A <1 +> 6£CIM)> |Bo) = EC (o] (1 + > ¢lomn ) Do) = ECC™) (0] dy)

n=1 n=1

E(CIM), (81)
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The Truncated Configuration Interaction

A set of coupled equations are obtained for the unknown amplitudes ¢ 7% by
left-projecting the CIM Schrédinger equation onto the reference |®) and excited
determinants ’CD e >

M
B S pp——
n=1
M
<¢5’1‘.'.'.}-Z“” F’<1+ZCSCIM)> ¢o> = ECMcan-aw vay iy
n=1

where np — nh excitation ‘dDal > of the reference determinant is defined as the

Slater determinant in which, relative to the reference state |®), n hole states have
been replaced by n particle states, i.e.,

onn) = (3han) (3ha.) - (35,5, 190)
= alata, .. a0
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The no-core shell model (NCSM) method

5Li  onn 21 4RO
Niax =0 Niax =2 Npax =4

&
=

@ Wave function in the NCSM

O - 19k

L L [
© - oWk

LI [ ()
O VW

‘\U(NCSM)>

Il
/N
=
+

>
KD
Z
Q
wn
)
N———
&

with excitation operators

A 1
(NosM) .+ a1...anat At & A
G, R TE E _ C. o i"agy ...dy di, ... dj
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The no-core shell model (NCSM) method T %

SUN YAT-SEN UNIVERSITY
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@ Truncation on excitation energy of a Slater 5 10" 7 L — ]
. - Z S // // g 1
determinant relative to the unperturbed gor s ~
. = 10 // Vi s -
reference state defined by e R g —4He ]
g 10, , — 6Li
zw0f S — 8Be |
z — 10B
an — S o't 15 i
Z (eak el,< ~ NmaX7 E 103—// _ 168 |
5, -- 19F
? 10 23Na| A
. . . . - 2 1 - 27A] 1
@ Dimension of the configurations still o L
. . . 10— - - * - - -
increases exponentially with Nyjay. oz 4 e 8 10

JMY, Guangzhou 105 / 140



The coupled-cluster theory

The Exponential Ansatz

@ The wave function is constructed as
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The coupled-cluster theory

Coupled-Cluster method (CCM)

In this method, the cluster operator is truncated to some excitation rank M,

M
70— 5 7,
n=1
For M = 2, it is called CCSD, and so on. Due to its nonlinear nature, the

Coupled-Cluster Ansatz allows to generate higher-order excitations from products of
lower-order excitation operators.

A
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The coupled-cluster theory

For a truncated CCM with the cluster operator

7\_% -II\_(M): ?1—}—?2—{—...—}— ?—M
the expression for the correlation energy AEM) = AE (t(M)> as function of the
cluster amplitudes

M K

0 = {eeh (e h o {200
can be derived by left-projecting the similarity-transformed Schrédinger equation
7.](1\/1)|q>> - AE(M)1¢>

with
A (M) A~ (M
,H(M) — e_T( )HNeT( )

onto the reference state.
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The coupled-cluster theory

A coupled set of algebraic equations for the determination of the amplitudes t(™) is
obtained by left-projecting the similarity-transformed Schrodinger equation onto the
excited determinants ‘¢31::1fn"> with n < M | i,

(o
(o

(o7

¢?17---M
5ee-M

(M)
7,0M)
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7(M)

AEM)

0, Va,i

07 va? b7 i?.j

0, Val,...,a/\//,i]_,...

7i/\/l‘

(82)
(83)
(84)

(85)
(86)

In the case of CCSD, for example, the 'Al'l and 7A'2 amplitudes can be determined by

solving the system of the first three equations.

JMY, Guangzhou 109 / 140



Two variants of in-medium similarity renormalization group (IM

@ Unitary transformations

A A AA

Ai(s) = U(s)Ho U/l (s)

Flow equation

dH(s) .., | »
o = [A(s), H(s)]

@ Generator 7(s): chosen either to decouple
a given reference state from its excitations
or to decouple the valence space from the
excluded spaces.

@ Not necessary to construct the whole H
matrix, computation complexity scales
polynomially with nuclear size.

JMY, Guangzhou
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H. Hergert et al., Phys. Rep. 621, 165 (2016); S. R. Stroberg et

al.,, Annu. Rev. Nucl. Part. Sci. 69, 307 (2019)
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The IMSRG

@ Taking the derivative I:I(s) with respect to the flow parameter s, one finds the
SRG flow equation for the Hamiltonian

dH(s)  dU(s) p 0 p . dU1t(s)

ds  ds Ads
= ) ity s) + i) o) 22 — 1a(e). s

where one defines the anti-Hermitian operator
. dU(s) - .
is) = S 01(s) = (s

The solution to the SRG flow equation is

dl(ijS) =n(s)U(s) = U(s) = Sexp [/Os ds'n(s’)]. (87)

K. Tsukiyama, S. Bogner and A. Schwenk, PRL 106 (2011) 222502
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The IMSRG

This expression is defined equivalently either as a product of infinitesimal unitary
transformations,

I(;l JE— JE—
= lim I_Ie’7(S S sit1 =S+ 0s, Zés,-—s
i

N—oo *

or through a series of expansions:

U(s):zn::!/Osdsl/osdsz.../OsdsnS{n(sl)...n(s,,)}.

Here, the S-ordering operator S ensures that the flow parameters appearing in the
integrands are always in descending order, s; > sp > .. ..
@ Wegner proposed the generator

i(s) = [Aa(s), Aoa(s)]
which will be able to drive the Foq(s) — 0 as the flow parameter s — co.
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Application of IMSRG to the pairing model

@ The pairing Hamiltonian:
A 1
H = 5Z(P - 1)3;203;30 - Egz a;r,+a:,_aq,aq+,
po Pq
where § controls the spacing of single-particle levels that are indexed by a
principal quantum number p =1,...,4 and their spin projection o, and g the

strength of the pairing interaction.

4 state p 25, £
0 1 1 0

3 — 1 1 -1 0
2 2 1 S

2 I 5 3 2 -1 5
1 6 , 4 3 1 28
5 3 -1 28

oy — 6 4 1 38
0=g=1 7| 4 | 38
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Application of IMSRG to the pairing model

@ Let's only consider the S, = 0 sub block with two particle pairs. In this block, the
Hamiltonian is represented by the six-dimensional (C? = 6) matrix

20—-g -—g/2 -g/2 -g/2 -—g/2 0

-g/2 4-g -g/2 —-g/2 -0 —g/)2
y_| —&/2 -2 66-g 0  —g/2 —g/2
-g/2 -g/2 0 60-g -—g/2 —g/2
-g/2 0 -g/2 —g/2 8—-g —g/2
0 —g/2 —g/2 —g/2 -—g/2 106-g
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Application of IMSRG to the pairing model

We split the Hamiltonian matrix into diagonal and off-diagonal parts:
Ha(s) = diag (Eo(s), -, Es(5)),  Hoals) = H(s) — Ha(s)
The flow equation in the configuration basis in which one has Hy|i) = E;|i), and
d .o A P Af Al
VIRl = > _(ilalk) (kI A1) = (il HLk) (K[AL)) (88)

k

= —(E-E) +Z( k) (K |Fi

where <i ’/:Iod’ i> = 0 and block indices as well as the s-dependence have been
suppressed for brevity.
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Application of IMSRG to the pairing model

The Wegner generator is given by

IS

(ilnlj) = <i ‘ [/:Id» ":Iod} Hod

j>=(Ei—/51)<i

and inserting this into the flow equation, we obtain

J)s

d .o Apy |
IR = (B = B (i|f| )

+ 3 (E+ B 26 (i

A

Fioa| k) (K |Floa| 1) (90)
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Application of IMSRG to the pairing model

If Hl:Iod (so)H < 1 in some suitable norm, the second term in the flow equation can be
neglected compared to the first one. For the diagonal and off-diagonal matrix
elements, this implies

)

dE;  d
=

_ 94 iln
ds ds d

) (e

i>%0

/> =23 (E - E) <i ‘Hod
k
and J
S UIHL) ~ = (6 = E)* (i Fod| )

respectively. Thus, the diagonal matrix elements will be (approximately) constant in
the asymptotic region,

E;(S) ~ E; (So), s> 50,

which in turn allows us to integrate the flow equation for the off-diagonal matrix
elements.
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Application of IMSRG to the pairing model

We obtain
<i )I:Iod(s)‘j> ~ <i ‘I:Iod (50)‘j> e_(Ef_‘Ef)2(s_5°), s> 59

i.e., the off-diagonal matrix elements are suppressed exponentially.

s=0.0 s=0.001 s=0.01 s=0.05 1
0 1
1 10
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4 1077
5 1079 —
s=0.1 s=1.0 §=5.0 s=10.0 s
0.0 K3
0 —107°
1
—1077
2
3 -107°
4 —1073
5 —107t
1 2 3 45 1 2 3 45 1 2 3 45 01 2 3 45
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Application of IMSRG to the pairing

model

tuxg

SUN YAT-SEN UNIVERSITY

H,q(s) = H(s) — Hy(s)

The Matrix |H(s)]

‘The Matrix H(s)]

[

E [MeV]

E [MeV]

H,q(s) = Ho;(s) + Hjo(s)
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© Lecture three: Recent studies with operators from chiral EFT
@ Advances in the ab initio studies of nuclear structure and decay
@ Uncertainty quantification of the NMEs of Ov35 decay
o Correlation relations between Qv3/3 decay and DGT
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Advances in the ab initio studies of atomic nuclei LR 4

SUN YAT-SEN UNIVERSITY

First-principles calculations predict the properties
of nearly 700 isotopes between helium and iron
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Benchmark calculations for O isotopes

chiral NN+3N(400) interaction at A = 1.88 fm™!

—40F T | | | I l ' ! =
ol ) O IT-NCSM
-60F oxygen isotopes O MR-IMSRG(2) 1]
O VS-IMSRG(2)
-80F
VvV CCSD
% —100k oo A N-CCSD(T) b
2 . < ADC(3)
-120F O Lattice EFT ]
B ey
-140F o-a ]
o O
-160F g
<oxd OOXD o.J OOX
-180 L L L | | | | |

12 14 16 18 20 22 24 26 28

H. Hergert, Font. Phys. 8, 379 (2020)
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SUN YAT-SEN UNIVERSITY

Benchmark calculations for Ca isotopes Fux g

——————————T—T—T———7— g T T 77—
-250F ACa 1 . B NN+3N(400) ]
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H. Hergert, Font. Phys. 8, 379 (2020)
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tuxg

Beta decay and axial-vector coupling strength ga

¢ The half-life of single-beta decay ¢ The charge-changing axial-vector current

K
tl 2= 7 s 5 [ )
/ fo(BF + Bgr)’ "3.*/// i | R
Bp = |Mp|*,  Bar = |Mar|®
2J +1 2J +1
Heavy meson Pion exchange
exchange c3, ca
G. Martinez-Pinedo et al, PRC 53, R2602 (1996) L
1.0 T T . V
TA(TF\ _ ; + K7
osl —om pf-shell 1 JHK) = Z a0 T e 5B currents
5 06
5 04 Park, T.-S. et al. PRC67, 055206 (2003);
~ M. Hoferichter et al., PRD102, 074018 (2020)
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Ab initio methods for nuclear single-5 decay

@7t

a 1 19, I
° This work "Newz = "Fz u a 1820 €M)
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oG, -+ 19, Pie = “Su
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s 7 s o omow o s oW W
o8 0o o o Mg theory (unquenched) e
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@ VS-IMSRG: a unitary transformation is constructed to decouple a valence-space
Hamiltonian H,s. The eigenstates are obtained by a subsequent diagonalization of
the Hys.

@ A proper treatment of strong nuclear correlations and the consistency between
two-body currents (2BCs) and three-nucleon forces explain the ga-quenching
puzzle in conventional valence-space shell-model calculations.

P. Gysbers et al., Nature Physics 15, 428 (2019)
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The Hamiltonian with a set of LEC parameters (c_i)

H(ci)[¥(ci)) =

Parameter 2

Basic idea:

Procedure

e calculate |¥(¢;)), i=1,..
® solve generalized eigenvalue problem H|¢) =
(¥ H (Crarget ) [¥5)
> Nij = (%il%;)

’Hij:

R s
o B W x X y
X % x E
X7 % * *
X % %x %
3 Ko x x‘;t
XX x
x *
il b
X X%
»o?? X :i&‘
Bx %

Parameter 1

’w Ctarget

E(ci)|(cs))

I~
H (ctarget)

Nec

Zfzhb Cz

. Ngc in "easy" regime

Frame et al., PRL 121 032501 (2018)

Ground-state energy (MeV)
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—~120 4
—140
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=== SP-CC(3) (points 1-3)
—~180 - ¢ CCSD
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2.7 4
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2.5
24 4+ T T T T
2.0 2.5 3.0 3.5 4.0

Low-energy constant Ci g, (10* GeV™)

A. Ekstrom, G. Hagen, PRL123, 252501(2019)




The Monte-Carlo studies of 05 decay in light nuclei

3
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The variational Monte Carlo (VMC) with the
NN(AV18) + 3N( lllinois-7).

Light Majorana neutrino exchange 4+ multi-TeV
(dim9) mechanisms of LNV.

The N2LO effects captured by nucleon form
factors impact the matrix elements at 10%
level.

The non-factorizable terms at N2LO may lead
to O(10%) corrections, indicating that the
NME converges with the chiral expansion order
for the transition operators.

Difficult to extend to the candidate nuclei of
Ov3p3 decay.

S. Pastore et al., PRC97, 014606 (2018)
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Benchmark studies of Ov33 decay in light nuclei tux 2

EM1.82.0 — Exp ®  VSIMSRG

o R s e iER o |T-NCSM and NCSM are
-5 A ITNCSM 4t 1 3 - v NCSM . . .
g . [ g 0 4 quasi-exact methods, but limited
= P “log e s o f 3 )
i H a4, o 1 to light nuclei.
-8 * 1 T P vag=
e ] ey o @ VS-IMSRG, IM-GCM, and

He ®Be *He *Be '“Be '°C 'c ‘0 0 PNe 0 4 8 12 16 20 24 28

Mass number A . .
DT1 with some kin f
tcrﬁrslcations :c:ans%eeappli(jesdio

s e heavier candidate nuclei.
T ol Tessor . . .
= @ Using different ab initio methods
© ool i but the same input to estimate
-0.4} SHe-%Be (EM1.8/2.0) r
s I T the truncation errors of the
Note: A factor of —g3 has been
multiplied into the Fermi part. ma ny—body methods.
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The Ov(5 decay in the standard mechanism

tuxg

SUN YAT-SEN UNIVERSITY

Ab initio methods for the lightest candidate “3Ca

o Multi-reference in-medium generator

e IMSRG+ISM (VS-IMSRG)
A. Belley et al., PRL126, 042502 (2021)
@ Coupled-cluster with singlets, doublets, and
partial triplets (CCSDT1) .
S. Novario et al., PRL126, 182502 (2021)
3.0 48Ca—»48Ti
25 I
82.0 -
S s - _
1.0 _-
05 bl Hm u L I ]:[l:[
0o o« ? (03 v (% Z 4L
=% 2 =% 2

coordinate method (IM-GCM)

JMY et al., PRL124, 232501 (2020)
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VS-IMSRG method for Ov 35 decay of heavier candidates ©tuxs

With both the long- and short-range transition =~/ Belley et 2l arXiv:2307.15156 (2023)

operators, the VS-IMSRG method is applied to 1307¢ 136y
study the NMEs of heavier candidates: 1 } = anowo s won
o For 139Te, MP¥ ¢ € [1.52,2.40] . =
o For 130Xe, M ¢ € [1.08,1.90] ! N i
The uncertainty is composed of different sources: s| s i i
nuclear interaction, reference-state, basis . | :
extrapolation, closure approximation, and the g ¢
LEC for the short-range transition operators. = i ‘; 3
The values are generally smaller than those from > | K I
phenomenological nuclear models. 2l 1 } ‘: ]
l L1 R
different nuclear many-body solvers, convergence
s mes Luomam | L mem

of NMEs with chiral expansion orders, etc. b inito Nucear Models  Abinito Nuclear Models
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Convergence of NMEs w.r.t. chiral expansion: *8Ca MK 2

YAT-SEN UNIVERSITY

- 48 48 M -
2n — 2p +2e Ca —>*° Ti+ 2e
® ® 12 : y
. of= — ——=10.0 — emx=4 |
g 6 |
= -02 1.0- €max = | I~
8 |
z » -04 — emx=8 | \\
4 oak | s
g0 -06 ’ | AN
| S~ ~
_gol?’ =30Mev/e Irp=25Mev/e -08 & osl 0z
L3 /
(© - [} / = /
of— Y/ //
5 p' =30MeV/c SFp=25Mev/e // 0.010 04k //
5 -1 Lo 1 J
3 NLO 0.005 el |
& -2 N’LO \ 1 ’ / 48Ca
= — N’LO
N‘LO 0.000 L L . .
-3 \ %056 NLO N2LO N3LO
100 200 300 30 40

p[MeV/c] P MeV/c] Xiondes

@ The A,(2n — 2p + 2e™) converges quickly w.r.t. the chiral expansion order of
nuclear interactions.

e Convergence is slightly slower in candidate nucleus *8Ca.
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MOV

S = N W Bk W

LO

N2LO

(@) standard mechanism of exchange light Majorana neutrinos
Long-range (LR) Short-range (SR)
&) @ 6)
correction to current one-loop diagrams
e e
@ (5) (6)
T T
2
- (b) 76Ge LO,LR(1.23)+N2LO4) §
LO.SR(6)
= N2LO(5) =
| 1
6 8 10 extra

€Max

JMY, Guangzhou

SUN YAT-SEN UNIVERSITY

Ago(394) EMN chiral interactions
o T
ol ]
3
=
ok i
ol UQ by the BUQEYE method:
J. Melendez et al., PRC100,
044001 (2019), arXiv:1904.10581
NLO N2LO N3LO N4LO

x order

TABLE I. The recommended value for the total NME of 0v38
decay in "°Ge, together with the uncertainties from different
sources.

MOV
26075

€LEC
0.75

€op
0.55

€EM
<0.06

EMBT
0.88

EYEFT
0.3
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Uncertainty quantification of NME for "°Ge

W Main component sensitivity
LR - £ Total sensitivity
) | es%cl

Sensitivity (%)
8
Pearson's r coefficient

10

o‘. =T 11 e R, _ivgi

" "
PRI S S P PP SO AR s D & AT AL O A L Sl e O g 0 50 100 150 200
EEPP I F I I & Lab. Energy [MeV]

250 300 350

@ The long-range part of the NME is sensitive to the LEC Gg,.
@ The phase shift of the 1Sy channel is linearly correlated to the NME.
@ The neutron-proton phase-shift 6;;?0 at 50 MeV is used to weight the samples.
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Uncertainty quantification of NME for "°Ge ¥+ k%

SUN YAT-SEN UNIVERSITY

121 4 Predictions

Training data 68% confidence interval including eew

a 68% confidence interval including eeu b
68% confidence interval including ecw, €err, €co and exsr

68% confidence interval including e
8
—— Mean NME

M (MM-DGP)
B
Mo

S00 05 10 15

3 [
M (VS-IMSRG)

o Emulator, 8188 samples of chiral interactions, phase shift, M% = 3.44711-33.

o Including the g.s. energies of A = 2,3, 4,16 and phase shift: M% = 2.601%:%2,
which gives the effective neutrino mass (mgg) = 187125° meV.

o The next-generation ton-scale Germanium experiment (~ 1.3 x 10%® yr):
(mgg) = 22%2* meV, covering almost the entire range of 10 hierarchy.

A. Belley, JMY et al, arXiv:2308.15634 (2023)
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Correlation relations between DGT transition and Ov 33 decay

N. Shimizu, J. Menéndez and K. Yako, PRL(2018)
T T

r
™ (a) GXPF1B (b) KB3G (c) SDPFMU-DB
oT .
g . ’ .
485¢ 1+ 8/ =2 =
1]
= ;.

+

oT
_ =0 .
48Ca 0+

3G

N <
o ol ~_ \. ) s
B decay 0 20 40 0
DGT2=0 4 48Ti 0+

E, (MeV)

20
E, (MeV)

@ Double Gamow-Teller (DGT) transition is allowed in the SM of particle physics
and this transition is to be measured in Osaka Univ.

@ The NME for the ground-state to ground-state DGT transition is defined as

MPET — <0,Jfr > o1 ® oo 7y 0,+>
12

Compared with Ov33 decay: No neutrino potential.
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Correlation relations between DGT transition and Ov 33 decay

In conventional nuclear models, the neutrino potential is
evaluated in a harmonic oscillator basis,

oscillator length b = Vi/(Myw) the frequency w is scaled as A~'/3
R~ A1/3

44 < A <238
© NSM, 44 < A <136

ovpB 1/6 _ St : >
M x R/b~ A L% 10f x EDF & 4
prd v IBM (MPST/20) - -
MPST /g2 _p T v >
MOVBB — A1/6 q , 18
m g 05}

=]
=

n= 0.180; m =0.447,
n= 0.106; m = 0.536,

n= 0.056; m=0.699 0 05 10 15 20 25 30

MOPB(OY, — 0, ) - A5

C. Brase, J. Menéndez, E. A. Coello Pérez, A. Schwenk, 2108.11805 [nucl=th] (2021)
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Correlation relations between DGT transition and Ov 33 decay Fux %

w—p-shell 4 VSIMSRG 4 o m EM1.8/2.0 (Used in regression)

s 5d-shell * IMGCM 000 ANO;, e ® Candidate Isotopes
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Correlation relations between DGT transition and Ov 33 decay b X 2
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Correlation relations between DGT transition and Ov33 decay @ t»%x %
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The End

Thank you for your attention
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