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@ Lee-Yang model of 3 decay [Phys. Rev. 104(1):254-258 (1956)]

Hiy = +pn(Csév — Cgevysv) scalar
+pyun (Cv 8y*v — C eyHsv) vector
+pown (Cr éct’'v — Cr 8ot ys1) /2 tensor
—Pyuy5n (CayHysv — Cy 8yHv) axial-vector
+pysn (Cp 8ysv — Cp Ev) pseudoscalar
+H.c.

@ Experiments are consistent with the dominant V — A structure
@ Are S and T exactly absent, or simply too small to be resolved?

@ What mechanism prevents S and T?

Current experimental precision is O(10~%)



@ Lee-Yang model of 3 decay [Phys. Rev. 104(1):254-258 (1956)]

Hiy = +pn(Csév — Cgevysv) scalar
+pyun (Cv 8y*v — C eyHsv) vector
+pown (Cr éct’'v — Cr 8ot ys1) /2 tensor
—Pyuy5n (Ca @yt ysv — Cy 8yHv) axial-vector
+pysn (Cp 8ysv — Cp Ev) pseudoscalar
+H.c.

@ In the non-relativistic limit
vector + scalar x 7F, (Fermi)
axial-vector + tensor o« oT¥, (Gamow-Teller)
pseudoscalar x O(q|/m)

Possible signatures of physics beyond the V — A interaction

1) Scalar currents modify F transition strength (CVC tests)
2) Tensor currents modify GT transition strength (mirror asymmetry)
3) Small admixture of terms also modify the spectrum shape (angular correlation measurements).




Superallowed 0" — 0" nuclear 3 decay

@ Quark flavor mixing
Current data indicate |V, g% + |Vus|? + | Vip|? < 1 (~95 % C.L.)

Vud Vus Vub .
Vo = | Veg Vs Vip with |\\§ud| ffrom I21uc|e3r B decays,
Ve Vis Vi }Vus‘| rogn aon decays,
ub| ~ Y-

@ Nuclear extractions of |V 4|
1) Superallowed 0% — 0T nuclear 8 decay (pure Fermi process)

> ft values measured with ~ 0.1 % precision for 15 cases.

» Radiative corrections: AK (nucleus-independent), 5

Ft =ft(1+ 6;;)(1 —dc + ns)
K (dependent on Z and Qg) and ds (structure-dependent)
= » §¢ is the isospin-symmetry breaking correction
2GE|Vual?(1 + AR) 2 2 2
IMe2 = [MeP(1 = 8c),  |Mp[? =2for T =1

Towner and Hardy, PRC102, 045501 (2020)
Xayavong et al. (2016-present)

2) Complementary data from mirror g transitions (admixture of Fermi and Gamow-Teller)

Severijns et al., PRC107, 015502 (2023)



Isospin-symmetry breaking correction

@ Convergence problem in first-principles treatments of d¢

01 [rrrrrrrrrrrryrrrrrryrrrrrrrrrrrrrrrrrrri]
I \ 0.073% ___ pmar =0 ]
0.08 ~ 0. 6 - — 7
E o I<IV max 180 = NCSM w/o 3-body forces!
F e max = E
x® 0061 e Nopax =12 TBMES: N3LO-EMN500, SRG
S 004 ; .......... Nmax = 14 ; evolved with A =2 fm~—1.
n TTre o B Xayavong et al., PRC113, 034317 (2026)
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5 — 1 Johnson et al., arXiv:1801.08432
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Because it is driven by a long-range interaction, Coulomb mixing can extend across multiple shells.
Stetcu et al., PRC71, 044325 (2005)

A similar difficulty is also encountered in IMSRG calculations.
Stroberg, Particles 4, 521-535 (2021)



Isospin-symmetry breaking correction

@ Phenomenological calculations of § are available

25! SM-WS (2015) —e—
SM-HF (1995) —e—
RHF-RPA (2009

)
SHZ2-DFT (2012)
Damgaard (1969)

) ——

(
(
(
SV-DFT (
(
1.5 77 vMR 22009

Towner and Hardy, PRC102, 045501 (2020);
Ormand and Brown, PRC52, 2455 (1995);

Liang et al., PRC79, 064316 (2009);

Satula et al., PRC86, 054316 (2012);

Damgaard, NPA130, 233 (1969);

Auerbach, PRC79, 035502 (2009);

Xayavong, Smirnova, Lim et al., PRC112, 055503
(2025); PRC113, 034317 (2026); PRC109, 014317
(2024); PRC105, 044308 (2022); PRC97, 024324
(2018)

@ The predictions diverge and the accuracy of individual approaches is difficult to assess

@ Experimental tests are therefore needed.



Could EO strength be a new probe for §o?

_ A notable example, 42Ca
@ Electric monopole operator

Ng 2
T(E0) =) ey rf, Np=2Z, No=N e
qep,n i=1 AR 7,0 S—
A A =2
9(0) Z r,'2 + 3(1) Z 7'ziri2 1227
i=1 i=1
N—— ——— 2+ _§ 1525
T(0)(E0) T(1(E0) 2424
where 1525 Ed
o — S ten 1) _En—€
2 o
@ EO-related observables Nearly spherical in OT and strong prolate
X deformed in 0} => large p2(E0)
(T(E0)) giag = squared radii Sensitive to cross-shell configurations
(T(E0))otr.diag = P(EO) ~ shape mixing See Prog. Part. Nucl. Phys. 123 (2022) 103930.
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Could EO strength be a new probe for §o?

@ An anti-correlation between ¢ and EO transition strengths
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Z of daughter nuclei

Exp data from Prog. Part. Nucl. Phys. 123 (2022) 103930.

® Transition diagram

0", T=
0", NAS Fy/ Tz=—1
\ o*,T:u/
EO; F/v' T, =0
0", T=1y
T, =1

® FEO0 strengths are suppressed in mid
shells, and could be substantial in
cross-shell regions

® Exp p?(EO) values are available for
neutron-rich members of isotriplets up to
4203.
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Could EO strength be a new probe for §o?

@ An anti-correlation between §¢ and EO transition strengths

? UL DL L \[h\ TTT [T T T T[T T T T[T T T[T I [TTrr[rrT E ° Tl’ansltlon dlagl’am
1 E 0, T =1
S g 0", NAS F,/ Tz=—1
= = ’
< 051 E : 0, T=1)
g g Eo; FI/ T,=0
0 3 B 0r, T=1)
S 400[ & T.=1
x o f ]
",_,:j\ 200 |- E Not a direct experimental extraction of
it E ] é¢, but a way to benchmark theoretical
< F E predictions
Oj\u\MH\MH\MH\MH\MH\MH\MHMHHMHF .
> 4 6 8 10 12 14 16 18 20 22 Theo.re:nci}l approzchestﬁhould 2( £
Z of daughter nuclei Sglrlseli ently reproduce the exp p*(E0)
Exp data from Prog. Part. Nucl. Phys. 123 (2022) 103930. Is this correlation physical, or merely

accidental?
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NCSM analysis

@ NCSM yields reasonable correlations

between some pairs of observables,
eg., —
@, vs B(E2) z
= ES
@ Can NCSM reveal a physical correlation =
between ¢ and p?(E0)?
= '“Be =
@ Four isotriplets: 8He, 1°Be, '4C, and 180 z ¥
= E
@ DJ16, bare N3LO (EMN500), and 8o E —F— : =
SRG-evolved N3LO (EMN500) oo F S S e ,
BT 1 e ol
Z 20 E e
= 60 g E
Solid line : 0; state = 100 |
Dashed line :  0j state 140 L -
Gray lines : exp values s 20 "o = I 100
Blue lines : Nmax = 4 = -0 = ES
Greenlines: Nmax =6 B—120 i N =5
Black lines:  Nmax = 8 —170f, I e vrs: SO
Red lines:  Nmax = 10 19 2 15 2 A5 2
A [MeV] KA [MeV] AS2 [MeV]




NCSM analysis

@ NCSM results show no
anti-correlation for any of the

isotriplets. This may not reflect the
correct behavior, but could be a

consequence of energy error

@ Perturbation theory gives

8¢ o< 1/(AE)?

When scaling with exp (AE)?, the trend
reverses for A = 6 (except for DJ16!)
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NCSM analysis

@ An anti-correlation emerges when 1 is Fr A T ]

[ [ =8=SRG, Nmax =4 R
selected at the energy minimum 0.1} Bare, N — 4 ]

) F SRG, Niax = 6 ]
@ These points follow the convergence Bare, Nuax = 6

path from the variational principle 8102 —g-SRG, Newe—8 i
—e— Bare, Nmax = 8
—8— SRG, Nunax = 10

X
T’ 6-1072| == Bare, Nmax = 10
Blue lines : Nmax = 4 © F ]
Greenlines: Nmax =6
Black lines:  Nmax = 8 4-107%F E
Red lines : Nmax = 10 r ]
2.1072 [ 1
Strong model-space dependence 107! 10° 10 10?
remains p*(E0) x 10°
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A model-independent analysis

@ Our starting point is
Typical picture

[Fs, [T(E0), F+]] = —2T()(Eo).
0f
The expectation value is written as weak mixing
—2(aTO(E0)|la) =" (alFx|b) (b T(EO)|b') (b'|Fx|a)
b’ N 0;
— > (alFx|b) (b|Fx|a’) (a'| T(EO)|a) N —
ba’ 0;
—>_ (@lT(E0)|a) (& |Fx o) (clFy|a) N
%: 1+lM1 07, IAS
+> (alfxlc) (¢'|T(EO)|c) (c|F=Ia), 0; ! )/
! JT # 07 07, IAS )
where T,y = Tza+1and Tze = Tza F 1. Eol J
07, IAS
At the limit of exact isospin, the expression is
model-independent
Simplification could be made though specific =+2 T.=+1 T.=0 T.=-1

choices of { a,b,c }



A model-independent analysis

@ Our starting point is
[Fx, [T(E0), Fi]] = —2T((E0).

The expectation value is written as
—2(a|TO(E0)|a) =" (alFx|b) (b|T(EO)|b') (b'|F|a)
bb’
— > (alFx|b) (b|Fs|d’) (4| T(E0)|a)

ba’

—>_(alT(E0)|a’) (a'|Fx[c) (c|F¥|a)

ca’

+> (alFs|d) (¢'| T(EO) c) (cIFxa) ,

where T, = Tza+1and Tze = Tza F 1.
@ The proton-rich T; = —1 nucleus (d) is selectively
excluded (no EO data available)

@ In ¢, the EO transition is completely suppressed due
to M1 transitions

@ Since b is not an isotriplet member, its contribution is
negligible (its 0;“ stateis largely separate)

Typical picture

0f

weak mixing

JT 40"

T, =+2

0+ 1
2 " ,
07, IAS
EO ‘
4
0], IAS y
T,=+1 T,=0 T,=-1
a c d




A model-independent analysis

@ At the limit of two-level mixing, we obtain

2
AT T £ \/(ATﬂ T3)2 — [(ATH)Z —(V§ )2] [(T;1)2 — 4(ATyy)? +2AT11S1°1]
oc =~

[(T2)2 - 2(ATu)2 + AT 87|

Here, ATy = (S§, — S&,) + (V& — V&), where

T = p(EO)
s¢, = (0, c|TOE0) 0], c) = eDA(RE )
Va

A 1
2 =(0f,alT(E0)V|07,a) = el [(N — Z)(R2 ) + 2NArmp a (R2 2)2 + N(Afnp,a)?
@ This analysis indeed suggests an anti-correlation.

@ The other independent-observables include only the matter radii and neutron-skin thicknesses of the a and ¢ nuclei
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A model-independent analysis

@ With Skyrme-Hartree-Fock calculations of (R2, ), (R2

p,a
rrrrrrrrrrrrrrrrrrrrrrrrrrJrrrrrrrrrprrr
; 108 140 180
- 22 2\g 30g; )
F 34g B/Ar 420, PP -

bbb e N M

0 100 200 300 400

p?(E0) x 108

) and Arnp,a, We obtain

The result clearly suggests an
anti-correlation.

(The dashed curves are unphysical as they violate the
conservation of total Fermi strength)

The correlation seems stronger at small
p?(EO).

The theoretical approaches to ¢ should
accurately reproduce p?(E0).

This model is too simplified to produce a qualitative result. It nicely captures the essential behaviors of the
observable/correction of interest



Shell-model benchmark

@ Can the shell-model approach can consistently reproduce p?(E0)?

® Single-shell model spaces

) ) Effective Charges 2(E0) x 10°
Nuclei  Model Spaces  Interactions Protons Neu?rons Calculaﬁm(qs ) Experiments
Be p (0h9Q) CKPOT/CKPOTcd 1.3 0.5 0 71(31)
4c p (0RQ2) CKPOT/CKPOTcd 1.3 0.5 0 31(5)
WMQ sd (0hQ) USD/USDA/USDB and cd 1.36 0.45 0 79(7)
30g;j sd (0hQ2) USD/USDA/USDB and cd 1.36 0.45 0 15.8(23)
s sd (0RQ) USD/USDA/USDB and cd 1.36 0.45 0 11.4(21)

By construction, p?(E0) vanishes in single-shell model spaces. Extended valence spaces are needed for
these isotriplets

Because of the anti-correlation, this implies an overestimate of d¢
The corresponding | Vyq|) value is therefore too large

Improving this deficiency will further increase tension in the CKM unitarity
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Shell-model benchmark

@ Can the shell-model approach can consistently reproduce p?(£0)?

® Mixed-shell model spaces

) ] Effective Charges p%(E0) x 10°
Nuclei  Model Spaces  Interactions Protons Neust;rons Calculatlo%s ) Experiments
ac ZBM (NhQ) REWIL 15 0.5 4.209 31(5)

REWILcd 1.5 0.5 4.278
ZBMI 1.5 0.5 5.978
ZBMII 1.5 0.5 6.922
80 ZBM (NhQ) REWIL 15 0.5 91.568 430(100)
REWILcd 1.5 0.5 128.689
ZBMI 1.5 0.5 33.466
ZBMII 1.5 0.5 65.592
2Ne ZBM (NKQ) REWIL 1.5 0.5 25.745 N.A
REWILcd 1.5 0.5 30.603
ZBMI 1.5 0.5 13.730
ZBMII 1.5 0.5 16.660
"~ 3BAr ZBM2 (NrQ)  ZBM2-mod 1.5 0.5 38.830 16.1(28)
“2Ca ZBM2 (NKSQ) ZBM2-mod 15 0.5 82.556 145(14)

Similar to the single-shell cases, exp data are typically underestimated.
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Shell-model benchmark

@ Within the phenomenological shell model, there is an observable-related issue

p-shell/ZBM spaces ZBM2 space
600 T T T T ]
¢ Exp
i *Mg| —e—REWIL
T REWILcd
o, 4001 T —e—ZBMI ]
: r T —w— ZBMII i
160y
= o | ——ZBM2MOD |
= . 14 B
g 200 0g, C 3 20N 38AL s
F 22 I 10Ca 1
7} Ne | o 1
of /a A i N/ Ca 1oy
ke |y T I B I I Y S | 1 1 1 .|

10 12 14 16 18 20 22 24 38 40 42 44
A A

The evaluation of p?(E0) requires effective charges, which are generally known. The values extracted from B(E2)
systematics may not be appropriate for EQ transitions

Shell-model predictions of §c may be okay. Further investigation of effective charges could be helpful.
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Using NCSM calculations and model-independent analysis, we demonstrate the existence of anti-correlation
between §¢ and p?(E0)

Therefore, p?(E0) may provide a sensitive probe for 6

The ¢ values obtained from shell-model calculations show a notable consistency
However, the shell model does not quantitatively reproduce the exp p?(E0) values
The problem likely lies in the effective charges
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