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Why are we here?

» The Standard Model is incomplete (Dark matter, neutrino’s mass)
» Experiments are searching for BSM signatures

» LHC = TeV energy frontier

» Nuclear phenomena are the precision frontier:
» New experiments will have ~0.1% level precision

N
» Sensitive to new physics at the TeV scale @0
0@'
&
» The theoretical goal: BSM predictions A
VS.
SM corrections




2.1 Introduction: Weak interaction & f-decay BSM Searches

= Theory Q Theory with Controlled accuracy
w

EXpt f New Precise Bounds on BSM Interactions (23Ne)

Theow 5t The Missing Theory for Forbidden Decays (Tensor+)

BSM

EXpt New Opportunities and Predictions

.~ Summary: We Can Do It (and more)
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Nuclear £-decay
Low momentum transfer: g ~ 0 — 10 MeV/c

angular
momentum parity

/

Transitions J27:
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Nuclear f-decay formalism

B-decay rate: dw < kE(Ey — E)*FyCeqrr @(q,ﬁ - 1?)

electron’s
momentum

electron’s
energy

maximal
electron’s energy

Lo'R'X'T'S'CI'Q'U'DFs'Dc'RN

q - momentum transfer
B =< - electron’s normalized momentum
7 =Y - neutrino’s normalized momentum

k
€
v
4

Item Effect Formula Magnitude
! Phas«_a_space factc_;r ) . ke(eo —€)° Unity or larger
2 Traditional Fermi function  Fy
3 Finite size of the nucleus Ly
4 Radiative corrections R
5  Shape factor C 10711072
6  Atomic exchange X
7 Atomic mismatch r
8  Atomic screening S
9 Shake-up See item 7
10 Shake-off See item 7
11 Isovector correction Cy
12 Recoil Coulomb correction Q 10-3.10-4
13 Diffuse nuclear surface U
14 Nuclear deformation Dgps & D¢
15 Recoiling nucleus Ry
16 Molecular screening AS Mol
17 Molecular exchange Case by case
18 Boun(_i state B decay Tg,/l"_c _ Smaller than 1 - 104
19 Neutrino mass Negligible

Hayen et al., RMP 2018
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Nuclear f-decay formalism

Nuclear
structure

B-decay rate: dw < kE(Ey — E)*FyCeqrr @(q,ﬁ : 1?)
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omentum transfer
- electron’s normalized momentum
- neutrino’s normalized momentum

Nuclear f-decay formalism

Nuclear
structure
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q - momentum transfer
ﬁ = % - electron’s normalized momentum
N uc lea r ﬁ decay forma lism V= g - neutrino’s normalized momentum
Nuclear
strlicture
B-decay rate: dw X kE(Ey — E)?FyCeopr @(q,,B : 1?)
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Nuclear f-decay formalism

Searches for deviations from the SM “V-A” structure
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C, = 1.27 Axial vector coupling constant (SM)




Standard Model:
controlled accuracy




q - momentum transfer
R - nucleus’s radius
my - nucleon’s mass

a - fine structure constant
Z - final nucleus’s charge

|dentifying small parameters Prgy: - Fermi momenturn

» Kinematic parameters - $-decays have low momentum transfer:
> e, ~qR =~ 0.014Y3*

* For an endpoint of ~ 2 MeV

> Erecoil ~ jo-  ~ 0.002*

» The nuclear model:

> ENR ~ Pf;_l;\rlni =~ 02

» EgfFT ~ 0.1-0.3
» The Coulomb force:

> €, ~aZ =~0.007Z

» Numeric calculation:

> Esolver

AGM & Gazit, J.Phys.G 2022



https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta

SM Multipole Expansion

Nuclear
structure

B-decay rate: dw X kE(Ey — E)?FyCeopr @(q,ﬁ : 1?)
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SM corrections
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Nuclear f-decay

SM corrections

angular parity
For a general B-decay transition J' - ];Tf : momentum\\ ,f
Jitls Jit =
5 A Am =
0(g.p-V) = 67" (q,8 - V) Ui —Jf| < T <1+
J=|1i—Jf| A = m; $ Tl¢

CY~1

Fermi y
— 15t forbidden i‘é~6qr q
éo ~ENR™(
_ h - A
J>0 (=) J forbidden C]V~Ec]1r~q]
M]A~Eér~q
(=)7! Gamow Teller (j = 1) LO: f‘j‘~eé;1~q1‘1

unique (J — 1)™ forbidden
AGM & Gazit, J.Phys.G 2022

]_

. FA TGV 1
NLO. C] ,M] ~Erec0116qr ) ENRECIT'NCI]-I-


https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta

SM corrections

( Pfermi -1
> :B-decay rate: Gamg;f-.'l,'eller NR Y Ty Y 2-10
~ 2 m, €grT ~ 1 - 10_1_2
do o« [(el|[Awllw)” o«  1+ag,f -9+ bp— - ~qR ~5-10
€c~aZy~2-1072
Spectrum Angular , e~ ~4.10°3
shape| sm correlation |F1€Z el
rrection term |
146, " : :
M1 correction Multipole Expansion
——(1 + 8,) R
Multipole operator's matrix elements correction 4
between the nuclear states 0+ 0y General Theory -
> 5= f ((‘/’f 1 |[i) (lllf”M{/“l/Ji)) 40 (eqr ) for any ngc;leus &
— D\ rllEEllvd) T (wrllzglly) 157 € . transition
~ ENRECIr'\E:ecoil ~1072 ~5-107*
Controlled accuracy!

AGM & Gazit, J.Phys.G 2022



https://iopscience.iop.org/article/10.1088/1361-6471/ac7edc/meta

5S>
J(x)
Nuclear currents
LO (1-body currents)

|
0,

Multipole operators

Nuclear Hamiltonian
USDB (USD)

l

(Well ;)

Nuclear wave functions

/1/ ~
o, (WrllO)][ i)
6@,} Nuclear matrix elements
Y% % (\6/0 Shell Model ~10~! uncertainty
‘9»& &y

&,
/‘(/ }0/7 61) 60,; 6b

& Ay
@ Observables’ corrections

Mishnayot, AGM, et al.

— SOREQ
—————_——,
q
Soreq Nuclear Research Center

SARAF: measuring **Ne’s branching
ratio with a ~5 - 1073 uncertainty

RI7Al 00 3725570
-=4375.80 10 -
Q N %B =100 é\°
v
oNe3 D
S
& o
= . S
0.0675 gt v S& 2981.8
gs
P4
N
&S
114 \m' > 2076.9
>
&
‘21
-
N
\ o
33.10 sn+ ¥ 4403
65.69 \3/2 + } 00  suble
23
11Na,

BRaaokev [%]
W oW W
S K A
25 {——e—

Penning NDS 2021 This Work

Schmidt



https://arxiv.org/abs/2107.14355v1

23Ne N 23Na

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963)
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SM: measurements

23Ne N 23Na

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963)

Constraining ag, & b simultaneously
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ag, = —0.3331 + 0.0028 £ 0.0004 £ 0.0002
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Mishnayot, AGM, et al.
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SM: measurements

23Ne N 23Na

Reanalyzing measurements of Carlson et al., PhysRev132.2239 (1963)

New constraints on the existence of exotic Tensor interactions
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SM: measurements

neutron

-0.04

-0.15 -0.10 -0.05 000 005 0.10

Falkowski et al., J.High Energ.Phys.2021 C,S-‘I_/CV



https://doi.org/10.1007/JHEP04(2021)126

SM: measurements

neutron

-0.04

-015% -010 -005 000 005 010
Mishnayot, AGM, et al.
Falkowski et al., J.High Energ.Phys.2021 C;/CV



https://arxiv.org/abs/2107.14355v1
https://doi.org/10.1007/JHEP04(2021)126

BSM missing theory:
forbidden decays (tensor+)




SM Multipole Expansion

Nuclear
structure

B-decay rate: dw X kE(Ey — E)?FyCeopr @(q,ﬁ : 1?)
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omentum transfer
- electron’s normalized momentum
- neutrino’s normalized momentum

BSM Multipole Expansion

Nuclear
structure

B-decay rate: dw X kE(Ey — E)?FyCeopr @(q,,g : 1?)
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A 7/ \ lepton traces ~ Multipole
Tensor coupling © . . Lepton Tensor nuclear ~ calculations operators:
constant current current (analytic) Vector

nuclear
current

We want to have the same for the Tensor coupling
The currents are tensors: j*V (9?)(7“1, (%)
he SM multipoles are defined for vector (axial) currents| z

with vector spherical harmonics 17]’}/’1 (")

AGM & Gazit, PRD 2023




] N BSM missing theory

Tensor lepton - e

current
] N
Hw ~ Cr M (%) I ()

AGM & Gazit, PRD 2023



] N BSM missing theory

Tensor lepton (@) @ nuclear

current current
] N

Tensor interactions Hy ~ Cp J*(5) Iy (%)

> SM
» A space-time-metric a stress-energy tensor

» Antisymmetric
» Fermionic probes

AGM & Gazit, PRD 2023



] N BSM missing theory

Tensor lepton (@) @ nuclear
current current
| N
Tensor interactions Hy ~ Cp JH () I (3)

> SM
» A space-time-metric a stress-energy tensor

» Antisymmetric
» Fermionic probes
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] N BSM missing theory

Tensor lepton (@) @ nuclear

current current
] N

Tensor interactions Hy ~ Cp J*(5) Iy (%)

> SM
» A space-time-metric a stress-energy tensor
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] N BSM missing theory

Tensor lepton i@ 1S nuclear
. . current current
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BSM missing theory

Tensor — vector-like objects

» Tensor “vector-like” multipole operators with an identified parity

» A = (—)/~1: “Axial (vector)-like” tensor operators: | » Predictions & Observables

R i gr. Pz . for forbidden decays
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BSM missing theory

Tensor — vector-like objects

» Tensor “vector-like” multipole operators with an identified parity

b A = (=)/~1: “Axial (vector)-like” tensor operators: | Predictions & Observables
' ( p2 ) for forbidden decays

for the first time

cl
operator SM operator FRIC er

: a1 M
» Ai=<(=)/: “Vector” like tensor operators: a‘\d‘f;g“s(o( E)
: . \2
L} o eqr~>=~0.002 (for an end point of ~2 MeV) €

» No Coulomb multipole C‘]T (associated with the charge [,, = 0)

A l 9s x szermi
Co = ———CV+0<62 ~ ~0.04
d V2 9y / NR 2

mpy
gs gr

AGM & Gazit, PRD 2023 gv 9ga

~1 nuclear charges



Tensor — vector-like objects

» Tensor “vector-like” multipole operators with an identified parity

BSM missing theory
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» Predictions & Observables
for forbidden decays
for the first time




BSM missing theory

Tensor — vector-like objects

» Tensor “vector-like” multipole operators with an identified parity

e —y
5% i » Predictions & Observables
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ROIRGR 18T ) for forbidden decays
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BSM Searches

Nuclear f-decay

angular parlty
momentum
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Multipole operator's matrix elements
H Ju (%)

Nuclear Hamiltonian

|
(el II;)

Nuclear wave functions

\ (WrllOy i)

SM Nuclear matrix elements

SM Nuclear currents

!
0y

SM Multipole operators

SM corrections

AGM & Gazit, PRD 2023

BSM missing theory




Multipole operator's matrix elements
H Ju () Juv ()
Nuclear Hamiltonian

|
(el II;)

Nuclear wave functions

\ (Wr |0 [lw:)

SM Nuclear matrix elements

SM Nuclear currents BSM nuclear currents

!
0y

SM Multipole operators

SM corrections BSM prEd ictions

AGM & Gazit, PRD 2023

BSM missing theory




Measurements

Experimental status over the world

Energy spectrum - bp

TABLE III. List of nuclear 3-decay spectral measurements in search for non-SM physics *

Measurement Transition Type Nucleus Institution /Collaboration Goal

A spectrum GT 1 MiniBETA-Krakow-Leuven 0.1%
3 spectrum GT LPC-Caen 0.1%
A spectrum GT 0 NSCL-MSU 01 %
A spectrum GT, F, Mixed M0, ¥Ne Hef-CRES 0.1%

Angular correlation - ag,

TABLE 1. List of nuclear F-decay correlation experiments in search for non-SM physics ®

Measurement Transition Type Nucleus Institution /Collaboration Goal
B—v F 2Ar Isolde-CERN 0.1 %
B—v F 2 TRINAT-TRIUMF 0.1 %
B—v GT, Mixed @ i Ne SARAF 0.1%
B—wv GT B, ®Li ANL 0.1 %
B—v F 200g, 2181, 2*8, *2Ar, .. TAMUTRAP-Texas A&M 0.1 %
B—v Mixed U, BN, 150, 1TF Notre Dame 0.5 %
A & recoil Mixed K TRINAT-TRIUMF 0.1 %
asymmetry

Cirigliano et al., 2019



https://arxiv.org/abs/1907.02164v2

Ab initio calculations of ®He — °Li

Nuclear Hamiltonian
XEFT @ N*LOgpt (sat)

l

(Well ;)

Nuclear wave functions

N (15T

Nuclear matrix elements
4b initio No-Core Shell Model (NCSM)

l

O;

Y/
Q"/‘& Q’{g(
G,
OQ‘(,O/?& 61’ Sa: 619
/‘Q Observables’ corrections

AGM, Forssén, Gazda, Gazit, Gysbers & Navratil, PLB 2022

5S>
J(x)
Nuclear currents
LO (1-body currents)

Multipole operators

Gamow-Tel

W, LAV (L] =il e
x10~% (MeV—?)
2 1 | ——
—
NNLOs \g," |
’ 1’
NNLOop: | & ]
| Fd
|
L 4 L 4 L lx. L4 L4 L4
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q (MeV) q (MeV)

> Petr Navratil’s talk
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https://www.sciencedirect.com/science/article/pii/S0370269322003938?via%3Dihub

Measurements

°He —» °Li B-energy spectrum

» Experiments are aiming a 1073 acc

» The spectrum is used to find Fierz te

’;:‘ 20 A (a)
©
£ + SM
g 10 SM  correction
9] === Gamow-Teller
§ 5 I Nucl. structure error
@, Total theory error > bF — O _I_ 6b _I_
14 (b) C
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Se) CA
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corrections

AGM, Forssén, Gazda, Gazit, Gysbers & Navratil, PLB 2022 > Doron Gazit’s talk
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BSM signature
SM correction

=
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~
=
n
m
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10_43

1072 5

] BSM signal in ameasured js not
] identifiable due to current
{ theoretical uncertainty

] BSM signal in b is not
] identifiable due to current

theoretical uncertainty

b
— - a
—— ameasured

10~

AGM & Gazit, PRD 2023
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BSM missing theory




BSM missing theory

BSM predictions: unique 1st-forbidden decay
dw o« 1+ ag, [1—(f-0)°| + b e

» Predictions & Observables
for forbidden decays
for the first time

AGM et al, PLB 2017



PhysLettB, 767,285-288

BSM predictions: unique 1st-forbidden decay

dwoc1+aﬁv[1—(ﬁ-ﬁ)2]+bF%

The p-energy spectrum is sensitive to both az, & by

» Allows simultaneous extraction of C; and C;

» Increases the accuracy level

No BSM coupling
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Formnalismis nice, but applications are nicer...
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PhysLettB, 767,285-288

Unique 15t-forbidden experiments

> Petr Navratil’s talk

713s ) '
2 0.0 1.1% 43, o (T=0) — GT (Ferm1)
_ 49% 51 _ (T=0) .-
Q0 g~ 10415 MeV 8% 45 + =0 [  GT
6% 91, ., unique 1=t
1N '%og  forbidden

16N: Large energy separation between
the forbidden and allowed branches

Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.2018
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» Doron Gazit's talk

BSM missing theory



https://link.springer.com/article/10.1007%2Fs10751-018-1535-x
https://link.springer.com/journal/10967

BSM missing theory

Unique 1st-forbidden experiments

PHYSICAL REVIEW C 105, 054312 (2022)

Determination of B-decay feeding patterns of *Rb and *Kr using the Modular Total Absorption
Spectrometer at ORNL HRIBF

P. Shuai®,">** B. C. Rasco,"**" K. P. Rykaczewski,” A. Fijatkowska,”* M. Karny,*! M. Wolifiska-Cichocka,®*'
R. K. Grzywacz.>>' C. J. Gross,” D. W. Siracener,” E. E. Zganjar.” J. C. Baichelder,*' J. C. Blackmon,” N. T. Brewer,"* ) ,
S. Go,” M. Cooper,’ K. C. Goetz,”* J. W. Johnson,” C. U. Jost,> T. T. King.” J. T. Matta,> J. H. Hamilton,'? A. Laminack,’ » Charlie Rasco’s

K. Miernik,® M. Madurga,® D. Miller,*'"! C. D. Nesaraja,” S. Padgett.’ S. V. Paulauskas,” M. M. Rajabali.'* T. Ruland,”
M. Stepaniuk.” E. H. Wang.'” and J. A. Winger"’

“"Rb decay spectra suggests that MTAS can distinguish an allowed 8 spectral shape from a first forbidden unique
p speciral shape.

s ® FENEPY nique 1
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https://link.springer.com/journal/10967
https://link.springer.com/article/10.1007%2Fs10751-018-1535-x

SM corrections

Summary
» B-decay rate: dw o« kE(Ey — E)2FoCeorr ©(q,5 - V)
Jit]r
N ATt N
o(qf-9) = ) @ (gf-9)

SM: controlled accuracy J=li=y] BSM: new opportunities
» Identifying small parameters » Tensor forbidden’s observables for the
» Corrections to observables » Uses the already-known SM matrix eleme
» Theory with controlled level of accuracy > No need for new matrix elements calcula

» Forbidden decays - BSM sensitivity
» Experiments @SARAF, @ORNL

» ©®He: corrections with 10~* uncertainty

» 23Ne: new bounds on BSM Tensor interactions

Gives significant constraints even for the naivest nuclear calculations Requirect BSM predictions
Can be done for any nucleus & decay (allowed/forbidden) VS

Paving the way for new, even higher precision experiments and discoveries Mcorections
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Some Details




Estimating the multipoles’ EFT error
r IEle1ct1ro-mlagrl1etlic transitionsr r (2b CurrentS)

T
. YBe(’r,” ¥,) B(E2)
* P 6He beta decay GT half life operator
o x_, “Be(3,” *15) BIMI) 2.28 —
ox . B(3* 2HBMD = :ijpfoerr:r
op
¢ X SB(1* 2*) B(M1) 226 EEE NNLOsat
ox LT 29 BMI) 2.24
& X RLit 2% BMI) =
I 2.22
* X "Be(!/,” 3,) B(MI) =
9
o "Li("y %,) B(E2) 2.20
* X TLi(ly ¥,) BOMI)
2.18 1
* X it 1) B(M1)
% EXPT @ GFMC(1h) M GFMC{1b+2h) 2.16 |
I I I I J 1 1 1 i I i i L 1
0 Laﬁomcx ﬁmmf ! 0.0 0.5 1.0 15 2.0 2.5 3.0 35
pe 1 2 electron’s kinetic energy [MeV]
6L' + + iV
i(0* - 11)B(M1) == |(||MY ||)] e
3 6T( oHe)| = X |(1E4IDI
v €)= 1
2b: (||M{]|) ~ 10% ~ O(egrr) ga

Pastore et al., PRC87 035503 (2013) 2b: <”Dil”>’ <”C{4”> ~1.6% ~ O(EI%FT)

Friman-Gayer et al., PRL126 102501 (2021)




Measurements

°He — °Li angular correlation

» Experiments are aiming a 1073 accuracy —-- Gamow-Teller
—0.330 BN Nucl. structure error
Total theory error
SM @ _gaqe [T
GT correction ESM o 03357
1 = ct|”+|cz)?
4[C4] , o)
g 1
s 07
o)
-1 4
_2 — : : I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0

electron kinetic energy (MeV)

~

5, = —2.54(68) - 1073
C#(Cr)~1073

AGM, Forssén, Gazda, Gazit, Gysbers & Navratil, PLB 2022
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°He — °Li angular correlation

» Experiments are aiming a 1073 accuracy
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AGM, Forssén, Gazda, Gazit, Gysbers & Navratil, PLB 2022

Measurements
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Measurements

°He — °Li angular correlation

» Experiments are aiming a 1073 accuracy - Gamow-Teller
—_ ucl. structure error
0-330 Total theory error
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PHYSICAL REVIEW LETTERS 129, 182502 (2022)

p-Nuclear-Recoil Correlation from *He Decay in a Laser Trap

P. Miiller®,' Y. Bagdasarova,” R. Hong®,> A. Leredde,' K. G. Bailey,! X. Fléchard,> A. Garcia®,?
B. Graner,2 A. Knec:ht@,z‘4 0. Naviliat-Cuncic:lEi,3‘5 T.P. 'C)’Connor,l M. G. Stemberg@,2 D. W. Storm,2
H. E. Svw,ms.t:)rviEi,2 F. Wauters@,lﬁ and D. W. Zumwalt®

a = —0.3268(46) 0 (41) - (4)

Assuming tensor contributions with right-handed neu-
trinos (b =0 or Cp = —C%) the result above implies
ICr|? £0.022 (90% C.L.) On the other hand, assuming
purely left-handed neutrinos (Cy = +C?%) yields

0.007 < C; < 0.111 (90% C.L.). (5)
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p
D

- momentum transfer

- neutrino’s normalized momentum

- electron’s normalized momentum

Nuclear f-decay formalism

Searches for deviations from the SM “V-A” structure

allowed
oA 2 2 oA M,
O(a.-0) o [(Wrl[Hwllwi)l™ o T+ag, -9+ be—
\ " &
Observables $_¢a
GT BSM &
i 1 |CT|2+|C’T|2 A
Angular correlation: ag, = —=(1— 5
3 . 2lcal
» Quadratic in Cr, Cr X\ @/’5
Cr+Cr

P Energy spectrum: Fierz term b§+ = T

» Vanishes for right-handed neutrinos (C; = —Cr)

Ca

C, = 1.27 Axial vector coupling constant (SM)
Cr,C; < 1073 Tensor coupling constants (BSM), unknown

Requirect BSMpredictions
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- momentum transfer

- neutrino’s normalized momentum

- electron’s normalized momentum

Nuclear f-decay formalism

Searches for deviations from the SM “V-A” structure

allowed
N > 2 S5 A me
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» Vanishes for right-handed neutrinos (C; = —Cr)

Ca

C, = 1.27 Axial vector coupling constant (SM)
Cr,C; < 1073 Tensor coupling constants (BSM), unknown

Requirect BSMpredictions



- momentum transfer
- electron’s normalized momentum

q
B
v - neutrino’s normalized momentum

Nuclear f-decay formalism

Searches for deviations from the SM “V-A” structure

allowed
-~ —~ 2 > me
0(0.f-9) o [ lIBwldl” o 1+ apf 9+ b
-0
q \ "4
Observables
GT BSM
: 1 |CT|2+|C’T|2
Angular correlation: ag, = —=(1— .
3 . 2lcal
» Quadratic in Cr, Cr X\ @/’5
: + Crtc!
f Energy spectrum: Fierz term bg = i%
A
» Vanishes for right-handed neutrinos (C; = —Cr) Requirect BSM predictions

VS
Cr,C; < 1073 Tensor coupling constants (BSM), unknown SMcoarections

C, = 1.27 Axial vector coupling constant (SM)




Calculations
YEFT

3 Two-nucleon force (NN) Three-nucleon force (3N') Four-nucleon force
| N | |
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A A
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H =z .Zl 2my + y: 1VU interactions eqUIred: SM h]gh
i<j= i<j=

accuracy predictions



Calculations
YEFT

Two-nucleon force (NN ) Three-nucleon force (3N) Four-nucleon force

- SN - -
o KEIRRE - -
Nmu@)+$4+<1 f}A +>< >k: i -

o KL - W EX- T L

g
oo el bbb L BH X L B

A A A
s Bi-p;)° z NN 2 3N XEFT @ N%LO . .
H = A Z 2mpy + L Vl] + . Vl]k interactions eqUIred: SM h]gh
<j=1 <j=1 <j<k=1

accuracy predictions



Calculations

ADb initio No-Core Shell Model

1 Z i~ p]) z VAN 4 z 3N XEFT @ N?LO
— 1 ij ijk . .
| 4 interactions
<j=1 i<j=1 i<j<k=1
Schrodinger equation: Hla) = E,{;ZTM)

single-particle harmonic-oscillator base states
(depend on single-particle coordinates )

equired: SM high
accuracy predictions



Calculations

ADb initio No-Core Shell Model

1 Z i~ p]) z VAN 4 z 3N XEFT @ N?LO
— 1 ' ijk . .
4 interactions
=1 i<j=1 i<j<k=1
Schrodinger equation: Hla) = E,{Tlea)

single-particle harmonic-oscillator base states
/ (depend on single-particle coordinates )

Z all|lo 1B @b || (atyip) [
)+ 1,4

A
W ) 0w =
j=1

equired: SM high
accuracy predictions




Calculations

Translational-invariant 1-body density matrices

A A
_1 Z pi— p]) Z VAN 4 z 3N XEFT @ N%LO
4 L | 4 Hk interactions
= i<j=1 i<j<k=1
Schrodinger equation: Hio) = E,{Tlea)
single-particle harmonic-oscillator base states
p / (depend on single-particle coordinates )
W D 0l wo = Z alllo;IBD G || (atdia) || o)
= 2+ 1,4
transformation matrix
/IaIIbI - |a||B|
W, Eof(fj)ll Vi) = = Z (lall| o, EN1b1) Mo W || (ait@ian) || w0
I 1Bl

lal,|bl
depend on single-particle Jacobi coordinates 6 T — RCM

equired: SM high
Navréil, Phys. Rev. C104, 064322 (2021) accuracy predictions
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AN A\ 9

H J(x)
Nuclear Hamiltonian Nuclear currents
XEFT @ N*LOgpt (sat) LO (1-body currents)

l l

(Wrll i) 0,

Nuclear wave functions Multipole operators

Nl

Nuclear matrix elements
Ab initio No-Core Shell Model (NCSM)

l
81,84, 8

Observables’ corrections

Calculations

equired: SM high
accuracy predictions
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» Missing precise theory for forbidden Tensor interactions
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16N - 1°0 experiment @ SARAF

» Unique 1%t forbidden i3, .
=00 11% 43, » (T=0) .., GT Ferml)
sensitivity to 49% 51 _ (T=0)
. Q ,_=10.419 MeV G i (D) 7.117 } GT
BSM signatures : e 43, 3
» Energy separation Unicue 15
nique 13
» Ideal case study g #%—2L ¢—=——0 forbidden

.. 7N g 8O3
» BSM & SM predictions
» Ab initio NCSM & eigenvector continuation emulators with
Christian Forssen (Chalmers)

» Theoretical & Experimental constrains on the measured
observables

AGM, Mishnayot, et al., PLB767 285-288 (2017)
Ohayon, Chocron, Hirsh, AGM, et al., Hyp.Int.239,57 (2018)
Djarv, Ekstrom, Forssén, Johansson, arXiv:2108.13313 (2021)



https://www.sciencedirect.com/science/article/pii/S0370269317301132
https://link.springer.com/article/10.1007%2Fs10751-018-1535-x
https://arxiv.org/abs/2108.13313

What is next?

Coulomb corrections

» Usually considered by approximations treating the nucleus with simple model

» Only for specific transitions

» We are already calculating the nuclear Electromagnetic effects

structure using NCSM / shell model / \
» Ab-initio computable way

o Static distortion of the Other electromagnetic corrections (e.g.,
» For all transitions electron wave function bremsstrahlung, hadronic photon exchange...)
/\ \ knékwn
Spectrum Recoil form factors Radiative
corrections corrections corrections
(mall . / \cOulomb disp
Fermi Transition dependent q Electron energy > Accurate
. . 5 o|\— Za : Za :
function corrections ¢(qR - Za, (Za)*#) my correction O (m—NR) experimental
values

Holstein, Phy.Rev.C.19.4 (1979) / \



Calculating 2b currents

» Significant improvement

in accuracy:

6He beta decay GT half life operator

2.28 — expt
[0 expt error

226 I NNLOopt
I NNLOsat
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Y28 e
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R . 10
2b: ([IZ2[1), {ICAN) ~ 157% ~ 0Cerr)  CLIC0* — 1%)B(M1) = Z (|| Y [])]°

Pastore et al., PRC87 035503 (2013)
Friman-Gayer et al., PRL126 102501 (2021)

Electro-magnetic transitions
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Recoil ion spectrum
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FIG. 5. The solid red ellipse shows the 1o region obtained from
a fit of simulated recoil momentum spectra with 107 events, for
the ®He decay, where both @ and b were left as free parameters.
The blue shaded band shows the lo bound on the combination
a =a+ 0.127b, whereas the black dotted lines represent the lo
bound obtained using the & prescription.

Gonzalez-Alonso & Naviliat-Cuncic, Phys.Rev.C94

Cﬂneasured

. — _Bv
> [ spectrum: ag, uz
» Recoil ion spectrum: a;, has a

non-trivial dependence on b

» Case study: “>Na ion
measurements @ SARAF

» Coupled-Cluster calculations
with Sonia Bacca (Mainz)



SM corrections

E.g., GT & unique (J — 1) forbidden

]( > (q, V) = 2]+1 (1 + 5](_ ){1 + aﬁvﬁ v+ bF% + Csquared [EZ - (B_) ) 1/))2]} |<¢f”z’]”¢l>|

EYE
> ag, —Tlﬂ(1+dé() )
> bF=6[{(_)]_1
-
> quuared_2]1_|_16(6;2 2 (1 51]() 1)
_ 2| et s , s raly (%, 2)
> 51—2]_'_19%- ]EO <||f/}||> T ](["‘1)(60 <|| ||> + 0 1o €c

€qr
+0(5.e2)

> Ba =5 e |+ Dy U+ TTE T (e, - 20) D

(lefal) i
A+ TG+ D
(41 (1)

2
2J+1

> 6b = meSRe

AGM & DG, arXiv:2107.10588 (2021)



https://arxiv.org/abs/2107.10588v1

Nuclear Currents

~ 2 = (2
Vector: (p (pp) [avud| n (pn)) = tp (pp) _gv (4°) v + ng;)uErq )G“qu - ggn(zv)
. 1. = 2 = (2
AL ) 13,1 (5)) = T 5 |91 )+ ZZL\ D) g 92 18)
mpn my
(p (pp) lud|n (pn)) = gs(0 )up (pp)un (pn) +0O (qg/mlgv)
(p (pp) luysd|n (pn)) = gp (0)uy (pp) ¥5tun (Pn) + O (¢*/m%)
(p (pp) |ﬁ0ﬁwd| n (pn)> = 9gr (O) Up (pp) Oy Un (pn) +0 (Q/mN)

G = | &3 @RI
z]M = éj d3x{v[j](qx)Y]M(9?)]} : j(f)
B = = | @2{7 x [jy (@) TG} - 56D

M]M = éj d3x[j](qx) 1711}41(55)] j(f)

u

i

Unp (pn)

V5Un (pn)




4A iq - + 1 w . g3
Cy(q) = R >, [QAQJ (q75) + 5 (QA Iy 5 gp) X (qFj)} +0 Jmi;*v

j=1
FA . w A — Tj_lqj+l v A w . +(3) q2
Lj(q)=1 (QA = e QT(A)> ;Tj X, (gr) +0 (T?v) Jo (1) = 2 [9‘/ + mgs] OO (@)
A
- Tq+2 TV =53 v {50 =)} + (ov + dreny) ¥ x 3569 (7= 7)) +
7 . W ’ . rq av §Pj» r—=ry gv + gdT(v) j j
EF(q) =i (QA ~ 5 QT(A}) ZTjiEJ (q75) + O ( 5 ) 2"“" = [ { }
my = my .
—igsVe® )(r— T‘j)} T+ 0 ( 5 )
- w A N gl +2 miy
W3 ) = (30 = gm0+ 0 (T ). ! )
J oy T ; ! ! miy Jo (7) = 2 [QA {ﬁjﬁ(s) (F—Fj)} +1 (§T(A) - §P) Vo (’?—Fj)]
mn 2mpy

~ A w JqJ—|—2 ~ 1.
C}’{ (0) = ZTJi ( ) M (¢r;) + O ( p) ) Ay (gr) =My (gr) - EV
Jj=1

2m msy . -
- q - A (gf) = —i |-V x M Ml - =V
LE (q) _ a Y (q) 7 (q7) g JJ1 (q_') q
A J 42 S (qi) = My (gr) - &
A q 9v + g1 (v rid
B (=gl v ) (0 + 2520 )| 4 0 (21 , e o
my j= my EJ(Q’F)E*’E &VXﬂ/fjjl(qF) T
A ~ T J+2 i '
N 2y IV ITO) e "4 . 1.
S ;frj lQVAJ (q7;) 5 2y lar)| +0 ) S () = {&VMJ (qf‘)} ¥i

. 1g
QJ(Q’F)E]’L"[}(Q’F)O"EV

1 " —a
Qy(gr) = Qs (qr) + §EJ (q7) .




	שקופית 1: Simultaneous SM & BSM calculations for allowed & forbidden β-decays
	שקופית 2: Why are we here?
	שקופית 3
	שקופית 7: Weak interaction
	שקופית 8: Weak interaction
	שקופית 9: Weak interaction
	שקופית 10: Nuclear beta-decay
	שקופית 11: Nuclear beta-decay
	שקופית 12: Nuclear beta-decay formalism
	שקופית 13: Nuclear beta-decay formalism
	שקופית 14: Nuclear beta-decay formalism
	שקופית 15: Nuclear beta-decay formalism
	שקופית 16: Nuclear beta-decay formalism
	שקופית 17: Nuclear beta-decay formalism
	שקופית 18: Standard Model: controlled accuracy 
	שקופית 22: Identifying small parameters
	שקופית 23: BSM Multipole Expansion
	שקופית 24: BSM Multipole Expansion
	שקופית 25: Nuclear beta-decay
	שקופית 26: Nuclear beta-decay
	שקופית 27: SM corrections
	שקופית 28: open paren sub to the 23 close paren Ne goes to open paren sub to the 23 close paren Na 
	שקופית 29
	שקופית 30: open paren sub to the 23 close paren Ne goes to open paren sub to the 23 close paren Na 
	שקופית 31: open paren sub to the 23 close paren Ne goes to open paren sub to the 23 close paren Na 
	שקופית 32: open paren sub to the 23 close paren Ne goes to open paren sub to the 23 close paren Na 
	שקופית 33: open paren sub to the 23 close paren Ne goes to open paren sub to the 23 close paren Na 
	שקופית 34
	שקופית 35
	שקופית 36: BSM missing theory: forbidden decays (tensor+)
	שקופית 37: BSM Multipole Expansion
	שקופית 38: BSM Multipole Expansion
	שקופית 39: Tensor
	שקופית 40: Tensor
	שקופית 41: Tensor
	שקופית 42: Tensor
	שקופית 43: Tensor  → vector-like objects
	שקופית 44: Tensor → vector-like objects
	שקופית 45: Tensor → vector-like objects
	שקופית 46: Tensor → vector-like objects
	שקופית 47: Tensor → vector-like objects
	שקופית 48: Nuclear beta-decay
	שקופית 49: Multipole operator's matrix elements
	שקופית 50: Multipole operator's matrix elements
	שקופית 51: Experimental status over the world
	שקופית 52: Ab initio calculations of open paren sub to the 6 close paren He , goes to upper limit beta to the minus , , open paren sub to the 6 close paren Li
	שקופית 53: open paren sub to the 6 close paren He goes to open paren sub to the 6 close paren Li  beta-energy spectrum
	שקופית 54
	שקופית 55: BSM predictions: unique 1st-forbidden decay
	שקופית 56: BSM predictions: unique 1st-forbidden decay
	שקופית 57
	שקופית 58
	שקופית 59: Summary
	שקופית 60: Thanks!
	שקופית 61: Some Details
	שקופית 62: Estimating the multipoles’ EFT error            (2b currents)
	שקופית 63: open paren sub to the 6 close paren He goes to open paren sub to the 6 close paren Li  angular correlation
	שקופית 64: open paren sub to the 6 close paren He goes to open paren sub to the 6 close paren Li  angular correlation
	שקופית 65: open paren sub to the 6 close paren He goes to open paren sub to the 6 close paren Li  angular correlation
	שקופית 66
	שקופית 67: Nuclear beta-decay formalism
	שקופית 68: Nuclear beta-decay formalism
	שקופית 69: Nuclear beta-decay formalism
	שקופית 70
	שקופית 71
	שקופית 72: Ab initio No-Core Shell Model
	שקופית 73: Ab initio No-Core Shell Model
	שקופית 74: Translational-invariant 1-body density matrices
	שקופית 75
	שקופית 76: Nuclear beta-decay
	שקופית 77
	שקופית 78: Coulomb corrections
	שקופית 79: Calculating 2b currents
	שקופית 80: Recoil ion spectrum
	שקופית 81: E.g., GT   &   unique open paren cap J minus 1 , close paren to the th forbidden
	שקופית 82: Nuclear Currents
	שקופית 83

