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Beta decay has a rich history as a probe
of the SM as the fundamental theory of
the weak interaction and that continues /=

to this day i

Allen et al.
Phys. Rev. 116, 134 (1959)

Feynman and Gell-Mann
Phys. Rev. 109, 193 (1958)

G.B. King, MAYORANA 2023 Fermi, Z. Physik 88, 161 (1934)

Lee and Yang, Phys. Rev. 104, 254 (1956)



Beta decay for fundamental symmetries

Tests of CKM unitarity

Improve NMEs for LNV searches

T T
 EDF % A
7 BM T n
| QRPA +e * *
6 nNsm TT7Tx .
| IMSRG +° ¥ R
5 cc T
55 , x N
= 4 . *
3 . : : -
1: T = I . '
» 4 * z .
[ x T, A
+
! £
i « T1
0 L L 1 L L 1 L
8o, Bge 82ge 100y 116cg  1307g  136ye 150y

Agostini et al. Rev. Mod. Phys. 95 (2023) 2, 025002

250

200 f

150 |

Ber

100 F

50 |

%.18 0.185 0.19 0.195 0.2 0.205 0.21
Eom. [MeV]

Atkinson et al. PRC 105, 054316 (2022)

Pfuitzner and Riisager PRC 97, 042501(R) (2018)

BR("Be »"Be + X + ¢)

10

10°

3

| 1 ) | | .
938.0 9382 9384 9386 9388 939.0
m, [MeV]

Understanding possible exotic decay signals
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Beta decay for fundamental symmetries

Improve NMEs for LNV searches
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An accurate understanding
of nuclear structure and
dynamics is required to
disentangle new physics
effects from nuclear effects

10

-
o
&

El:.nL |I\’[evl

-
o
&

BR("Be —»'Be + X + 4)
>

&

Pfuitzner and Riisager PRC 97, 042501(R) (2018)

3

| 1 ) | | .
938.0 9382 9384 9386 9388 939.0
m, [MeV]

Understanding possible exotic decay signals

G.B. King, MAYORANA 2023

Tests of CKM unitarity

0.227
0.226
0.225

]
s> 0.224
0.223

0.222

0.221

super-

allowed SM

0.960

0.004 -

& 0.000

-0.002F

0.965 0.970 0.980

Vud

0.975

Seng arXiv:2207.10492

0.002

! LHC-13 (pp—ev)
| LHC-13 (pp—e'e’)

..................

0.000

€r

0.002

Seng et al. PRD 100, 013001 (2019)

Falkowski et al. J. High Energ.
Phys. 2021, 126 (2021)

4
Probe of non-standard CC weak currents



°He Beta Decay Spectrum

Beta decay in light nuclei is
important for experiments
searching for beyond standard

model physics

Goal: Predict beta decay
spectrum for ®He retaining one-
and two-body electroweak

currents
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The Approach

« Use XEFT Hamiltonians and transition operators to consistently
describe the nuclear forces and many-body currents

« Compute matrix elements with quantum Monte Carlo to have controlled
and reliable many-body results

* Provide an assessment of theory and model uncertainty on the beta
decay spectrum

G.B. King, MAYORANA 2023
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The Norfolk (NV2+3) Interaction

H:ZKi+Zvij+ Z Vijk

Derived in XEFT with pion, nucleon, and delta degrees

of freedom

NV2 is fully local chiral interaction to N2LO (including

1<g 1<jg<k
-20
. .
o _2+===17 celd D s
J5--0* ZZZ04II24F sp- < Eh =30
J*He fppe b contact LECs
: SLi T yp- HE 5.-_-3 °He
e 723 :E:%I i - —40
G e
5 IL -50
# el
0 RSEE w5 60
®Be °Be e oh -1
. 10Be 10B ~70
] . _-3/2
1 GFMC calculations 1p _80
— AV18+IL7 ) -90
== EXP ® 20+
—— NV2+3-Ia 12¢ 3__100

Piarulli et al. PRL 120, 052503 (2018)

G.B. King, MAYORANA 2023

some N3LO contributions) containing 26 unknown

NV3 includes two long-range interactions and two
contact interactions introducing two new unknown
LECs, form as derived by van Kolck PRC 49, 2932 (1994)
and Epelbaum et al PRC 66, 064001 (2002)
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The Norfolk (NV2+3) Interaction
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The Norfolk (NV2+3) Interaction

H=> K+

sz‘j + Z Viik

Eight different Model classes:

i<j i<j<k
e |[ll]: NN scattering to fit two-body interaction
from O to 125 [200] MeV
-20
+__-1+ 1= _2+
:—-—0+:::%+:::§: 52" =0 =30
i =i emni 5f2 e O
{7 He oy AeHe L,y 10,
TEE3127 = il - —40
g el
. PLi -50
il S 17
il __:35%_ _2+ —60
®Be ‘Be o B
. 10Be 10B ~70
] . _-3/2
1 GFMC calculations ng 80
— AVI18+IL7 -90
—— EXP -"_p*
m— NV2+3-Ia 12C i ~100

Piarulli et al. PRL 120, 052503 (2018)

G.B. King, MAYORANA 2023 9



Energy [MeV]

-100 1

The Norfolk (NV2+3) Interaction

H:ZKi+ZUij+ Z Vijk

1< 1<g<k

Eight different Model classes:
e |[ll]: NN scattering to fit two-body interaction
from O to 125 [200] MeV
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The Norfolk (NV2+3) Interaction

H:ZKi+Zvij+ Z Vijk
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NV2+3 Charge and Currents

D@D

Need nuclear vector and axial current operators to study weak processes Example: Axial current at zero

in light nuclei

_ A
Schematically: p = Zizl Pi 1 Zi<j Pij T ... (a)

: A . .
J=D s di 2 i dig + - r5+

External field interacts with single nucleons and correlated pairs of (b)

momentum transfer

LO

(c)

nucleons

Use vector and axial currents consistent with NV2+3 derived by JLAB-
Pisa group: Pastore et al. PRC 80, 034004 (2009), Pastore et al. PRC 84,
024001 (2011), Piarulli et al. PRC 87, 014006 (2013), Schiavilla et al. PRC
99, 034005 (2019), Baroni et al. PRC 93, 049902 (2016), ...

G.B. King, MAYORANA 2023
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D@D

Variational Monte Carlo (VMC)

Want to solve: H\IJ(JMTTZ) — EU(JMTT,) with H = ZK + ZUU Z Viik

- - 1<J 1<g<k

Ty ) = SH L+ Ui+ Y Uijr) Z & 4(JMTT,))

1<J k#1,j 1<J

Slater determinant of nucleons in s- and p-shell coupled to the appropriate qguantum numbers

encoding appropriate cluster structure

Two- and three-body correlation operator to reflect impact of nuclear interaction at short distances

U H|W
(Uy |H|Wy) > B,
(Uy |[Wy)

G.B. King, MAYORANA 2023 13

Variational Monte Carlo (VMC) is used to find wavefunctions that minimize: FEy, =

Carlson et al. Rev. Mod. Phys. 87, 1607 (2015)



Green’s Function Monte Carlo (GFMC)

The variational estimate can be further improved by acting with an imaginary time
propagator

U(7) = e~ (H=Eo)Ty  — [e—(H—ED)AT]” T

In general, the variational state can be expanded in exact eigenstates of the Hamiltonian
n
y) = cnltpn)
i=0

In the limit of infinite imaginary time

Tli_):rr;o e (H—Eo)Tg. coo

G.B. King, MAYORANA 2023 14
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°He Beta Decay Spectrum: Overview

Differential beta decay rate:

o . Phe bk,
dl' = 57 11 > 2. [f1Hw|i)?6(AE) (27)% (277

SesSv M?,-)Mf

Traces of lepton tensor appearing in the rate depend on the electron and neutrino kinematics

Vanishes for 0*

. . -~ m€
In the g & O limit: dI' = dI'y {1 +ab-B+b— + (JA.. )] ground state of éHe

ke

Within the SM, the predicted values must be corrected for recoil contributions, which must be well-understood
to infer new physics [Glick-Magid et al. Phys. Lett. B 832 (2022)]

In the integrated SM spectrum, for GT transition, only contributing termis b = 0 + 5;66011

G.B. King, MAYORANA 2023 15




°He Beta Decay Spectrum: Multipoles

The (standard model) matrix element may be decomposed into reduced matrix elements of four multipoles operators:

SO (I Hwl)| «Z (1+5-B)Cs( @)+ —o-B+20-a)(@ 8)|Ls(a) —a- (& + B)2Re(L;(q)M3(q)]

M; Mj
T Z (- (- @)@ B) (1M, ()2 + |Es(@)2) + - (& — B)2Re(M,(q) E3())]
With the standard operator defmltlons as [Walecka 1975, Oxford University Press]:
Corala) = [ dalia(an)Yans ()]0l V) + ploxi 1)
Lane(a) == [ (V00 Yanr @)} - (66 V) + i 4)
Easela) =, [ (9 % dslan)P3 ()] (6V) +5x: 4)
My(a) = [ Ealis(@@¥ () - (66 V) +56xi 4)

Parity and angular momentum selection rules preserve only the four J=1, positive parity multipoles for ®He beta-decay
G.B. King, MAYORANA 2023 16



°He Beta Decay Spectrum: Multipoles

.

Ci(g4) = —=("Li,10 pl (qz; A)|°He, 00)
Lig:d) = —=("Li10fz- (g2 4) He, 00)
Bi(d) = ——=("Li10[z- i} (g5 4) "He, 00)
Mi(@V) = == (Li 10y - (g5 V)| He. 00)

Schiavilla and Wiringa PRC 65, 054302 (2002) G.B. King, MAYORANA 2023

The multipoles in the differential rate can be
written in terms of matrix elements that can be

evaluated with QMC

17




°He Beta Decay Spectrum: Multipoles

Cil) = % () - Lo )+ 0 (@)
L) = —5 (000 - L0 )+ 0 ()
Milgv) = % (a0 - L0 W)+ 0 (arn)?))
Bilgd) = —3 (EOW -0 + 0 ()"

King et al. PRC 107, 015503 (2023)
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The multipoles in the differential rate can be
written in terms of matrix elements that can be
evaluated with QMC

Because g is limited by the reaction Q-value, it is
limited to small values (<< m_) and thus one can
consider the multipoles expanded for small g

Naively, retaining terms to order g2 in the rate
gives a 0.001% error, before model uncertainty
is accounted for

re=1/m,+ = 1.41382 fm

qr- < 0.03

m~

18
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°He Beta Decay Spectrum: SM Results

The strategy: Calculate necessary matrix
elements for several small g values and fit the
small g expansions with several NV2+3 models

Dominant terms L, and E,© have model
dependence of ~¥1% to ~2% (at the GFMC level)

Linear term model dependencies ~few percent
Quadratic expansion coefficients have

significant model dependence, but are
suppressed by g? in the differential rate

King et al. PRC 107, 015503 (2023)
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°He Beta Decay Spectrum: SM Results

Coefficients fit to VMC and GFMC 1.01
calculations can be plugged back into decay w/ radiative corrections
rate formula from Hayen
1.00-
Up to ~1% correction arising from retaining ’°\|b D =
q dependence in the Standard Model ‘3%0_99‘ My Ly
—— GFMC o2l T ci E®
Error on M,/L (% ratio dominates theory — VMC
error bar 0.98 —
5 0.04; I
VMC and GFMC average rates: - cle
© 0.02 ~
Tymc = 762 +/-11 ms 0.00 -
Teepr, = 807.25+/-0.16 +/- 0.11 ms
[Kanafani et al. PRC 106, 045502 (2022)] __E “
o w 104

0.2 0.4 0.6 0.8 1.0
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°He Beta Decay Spectrum: BSM Connections

Agsp > v Unknown BSM physics Standard Model Effective Field Theory
' (SMEFT) gives most general set of

gauge-invariant operators
v, My complimenting the SM

Tensor and pseudoscalar charged
Ax ~ 1 GeV current interactions introduced at
dimension-6

Matching the SMEFT to low-energy

theory, one can investigate impact of

BSM physics on the ®He beta-decay
B/A ~ 1-10 MeV Many-body calculations spectrum (effort led by Mereghetti+)

King et al. PRC 107, 015503 (2023) G.B. King, MAYORANA 2023 21
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°He Beta Decay Spectrum: BSM Connections

1.010
1.005
. . SMEFT to look at leading order
1.000 o 1 MeV sterile neutrino tensor and pseudoscalar currents,
<1, o 010 1 MeV sterile neutrino
_\lm ' (Mereghetti+)
TS 1.005
0.990
on — 1.000 Sensitive to tensor, less so to
| — er=1073 S84 g0 pseudoscalar, in next-gen
— &=5107 i experiments
0980655694 06 08 1.0
£ 0.990
Non-standard CC interactions )
involving left-handed neutrino 0.085 Mvi=1MeV Can. put Con-StramtS on ~1 Mev
SM sterile neutrino
v — UZ,=1073
Apsm ~ =~ 10 TeV 098006204 06 08 10
/) &
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Conclusions and Outlook
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QMC methods combined with the NV2+3
interactions provide a powerful tool to understand
electroweak structure and reactions in light nuclei

First prediction of two-body current contributions
to the ®He beta decay spectrum

Estimated uncertainty from different approaches
to fitting chiral interaction

Able to investigate sensitivity to new physics
within the model uncertainty

Future work: radiative corrections to superallowed
beta decay, neutrinoless double beta decay,
developing robust tools for UQ in QMC
calculations with NV2+3 interaction
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Transition Matrix Element from GFMC

®He - ®Li GT RME extrapolation

Assume small correction to VMC: W (7) = Wy 4 06U

Mixed estimate for off-diagonal transitions:
= f i
" (0(7)) = -t D)
SR VT (O[T (7)) /(07 (1) [¥7(7)
et ~ (O(7))a; +(O())a, — (O)vme
oouy ) J | where
Soorok ol A A At . Foaf
LALLM O = L DION) V)
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Model Validation

D@D

King et al. PRC 105, L042501 (2022)

King et al. PRC 121, 025501 (2020) 1600 VMC
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GFMC GT Reduced Matrix Elements
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NV2+3-la: Three-body constrained with only
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GFMC GT Reduced Matrix Elements
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In most cases, two-body correction is small
(~ few %) and additive

NV2+3-la has an enhanced two-body
correction relative to the NV2+3-la*

A=8 suppressed at leading order, larger two-
body corrections
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Three-body LECs and N3LO-CT

J5ia (e CT) = 20¢" T~ (13 X 73), (0 x 7))

K XX
/ o » O_gAm 1 3[_4;1 CD+—(03+2c4)+—]

2 f2 (mﬂ_ RS) 3 6m

2

The NV2+3-la model fits the LECS using the nd doublet
scattering length and trinucleon energies

The NV2+3-la* model fits trinucleon energies and the triton
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B(GT) for A=11 nuclei

Reduced matrix elements from QMC can be
used to obtain transition strengths to

\/2Jf—|—1 JFMUi +(q—0)|J; M) exclusive final states

GT = (J: M,10]J; M)
B(GT) may be obtained from charge exchange
e reactions at zero momentum transfer
T
B(GT) = 375

Do not depend on any model assumptions for
the structure of the system

Tests quality of ab initio wave functions and
many-body methods
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B(GT) for A=11 nuclei

11B(g.s.) > 1Be"

NV2+3-la* VMC agrees well with the value
extracted from (t,3He)

(d,’He) data consistent with unquenched shell
model calculation

Two-body effects ~2%-3% and subtractive

GT|?
B(GT) = 435

Schmitt, GBK, et al. PRC 106, 054323 (2022)
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B(GT) for A=11 nuclei
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B(GT) for A=11 nuclei
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