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CKM matrix

CKM matrix relates weak and mass eigenstates
d Via Vus V) [d
S = Vcd Vcs Vcb S
b/ View Vis Vip ) \b
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Exotic currents & Fierz interference term
The effective field theory is a way to interpreting BSM physics at scale Aggy, > LHC (~ 14 TeV)
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Exotic currents & Fierz interference term

The effective field theory is a way to interpreting BSM physics at scale Aggy, > LHC (~ 14 TeV)

Ge V.ud
V2

Leff = — {é’W/L - Oy[Cy — (Ca — 202)7°1d + < év, - ad

—cpéy - Oy d + eo, v - Uoh (1 — 75)d} at quark level

structure in SM
are proportional to (Myy/Agsm)? = € < 107* > Aggm = 15 TeV assuming natural couplings
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Exotic currents & Fierz interference term
The effective field theory is a way to interpreting BSM physics at scale Aggy, > LHC (~ 14 TeV)

Ge V.ud
V2

Leff = — {é%ﬂ/L - Oy[Cy — (Ca — 202)7°1d + < év, - ad

—cpéy - Oy d + eo, v - Uoh (1 — 75)d} at quark level

structure in SM
are proportional to (Myy/Agsm)? = € < 107* > Aggm = 15 TeV assuming natural couplings

Fierz term : - Interference between the Standard Model & Beyond Standard Model
- Linear dependence on exotic & currents

27y ds >80T .
br = + Re + - 0in SM
SR ( av 1" 2,

bSTILED : Precision measurement of 3-spectrum shape (See R.Garreau talk)
SALER/ASGARD : Measurement of EC/B+ ratio
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Exotic current constraints

- Nuclear 3-decay is competitive with the LHC in the search for exotic currents.
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How to obtain by 7
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How to obtain by 7

/3+ branching ratio : opposite sign dependence on
br & probes the same nuclear matrix elements
- extremely sensitive to new physics

Mee o Teg
_ EC 4 .

Intensity

Direct beta decay &

measurement

&

BSM: Beyond Standard Model

= fgc/fp+ contains radiative, overlap, exchange corrections, etc.

= Hadronic theory (Nuclear Structure effects)
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Direct beta decay & measurement

How to obtain by 7
/3+ branching ratio : opposite sign dependence on 6
br & probes the same nuclear matrix elements >
- extremely sensitive to new physics c
Mec o fec 1+br £ ) -
3 = f (1+5NS)' = f. ML
+ + m — shells Uan.um
’ ’ 1=br <?:> Shape — NS \ T chemisy
BSM .
NS: Nuclear Structure Energy [eV] 7
BSM: Beyond Standard Model 1
= fgc/fp+ contains radiative, overlap, exchange corrections, etc. . _
Precision spectroscopy with STJ

= Hadronic theory (Nuclear Structure effects) (see D.Guillet talk)
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Direct beta decay & measurement

How to obtain by 7

/3+ branching ratio : opposite sign dependence on 6
br & probes the same nuclear matrix elements

- extremely sensitive to new physics

me J

Intensity

)\EC fEC 1 +bF EEC f? —» BSM
A - f (1 * 5NS) . m hells — Quantum
B+ 5+ 1 _bl__ <?ee> Shape —» NS Chemistry
BSM . |
NS: Nuclear Structure Energy [eV] 7
BSM: Beyond Standard Model 1
= fgc/fp+ contains radiative, overlap, exchange corrections, etc. . _
« Hadronic th NUCl Struct foct Precision spectroscopy with STJ
adronic theory (Nuclear Structure effects) (see D.Guillet talk)
Making hadronic theory easy = T = 1/2 (mirror transitions MT) & Gamow-Teller
We can probe new physic at tens of TeV in new way
6 November 13th, 2025
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Direct beta decay & measurement

How to obtain by 7

/3+ branching ratio : opposite sign dependence on 6
br & probes the same nuclear matrix elements

- extremely sensitive to new physics

me J

Intensity

)\EC fEC 1 +bF EEC f? —» BSM
A - f (1 * 5NS) . m hells — Quantum
B+ 5+ 1 _bl__ <?ee> Shape —» NS Chemistry
BSM . |
NS: Nuclear Structure Energy [eV] 7
BSM: Beyond Standard Model 1
= fgc/fp+ contains radiative, overlap, exchange corrections, etc. . _

: Precision spectroscopy with STJ
= Hadronic theory (Nuclear Structure effects) (see D.Guillet talk)
Making hadronic theory easy = T = 1/2 (mirror transitions MT) & Gamow-Teller
We can probe new physic at tens of TeV in new way

How to access nuclear structures (and 8yg) ?
6 November 13th, 2025
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*) L.Hayen et al., Rev. Mod.

. . . Phys. 90, 015008 (2018)
Branching ratio calculation **) W.Bambynek et al., Rev.
me Mod. Phys. 49, 77 (1977)
Aec Tec 1+br g2
T 7 (1 +0ns) - -
Cob (g
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Branching ratio calculation

1+bp e
)\EC — fEC (1 + 5NS) . FEEC
)\5+ f5+ 1_bF <%:

Eo
v | o PEIEIERF 2. B ERIRKEE

Me

Shape factor
Phase space

Other corrections (from thecobs/BSG *)

*) L.Hayen et al., Rev. Mod.
Phys. 90, 015008 (2018)
**) W.Bambynek et al., Rev.
Mod. Phys. 49, 77 (1977)

GDR-InF - DUMENIL Victor 7

November 13th, 2025



Branching ratio calculation

Now s

Eo
v | o PEIEIERF 2. B ERIRKEE

Me

Shape factor
Phase space

Other corrections (from thecobs/BSG *)

L0 ).

*) L.Hayen et al., Rev. Mod.
Phys. 90, 015008 (2018)
**) W.Bambynek et al., Rev.
Mod. Phys. 49, 77 (1977)

AEC = Z Ny Cx fx =- X (g.ﬁ)z(.)
X

Relative occupation number
Shape factor
Neutrino momentum

Overlap and exchange corrections **
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*) L.Hayen et al., Rev. Mod.
Phys. 90, 015008 (2018)

Branching ratio calculation **) W.Bambynek et al., Rev

Mod. Phys. 49, 77 (1977)

Mec fec 1+bF g2
T 7 (1 +0ns) -
R S

Eo
v | o PEIEIERF 2. B ERIRKEE
Mme

Shape factor Relative occupation number

Phase space Shape factor
Neutrino momentum

Other corrections (from thecobs/BSG *)
Overlap and exchange corrections **

The shape factor contains all the nuclear structures information and will be calculated with H.Behrens
& W.Buhring formalism

Cx
Cs-
GDR-InF - DUMENIL Victor 7 November 13th, 2025
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H.Behrens & W.Buhring formalism

Nuclear (3-decay involves complex many-body interactions - Impulse approximation each particle is
treated independently
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H.Behrens & W.Buhring formalism

Nuclear (3-decay involves complex many-body interactions - Impulse approximation each particle is
treated independently

BUT symmetries are conserved (angular momentum conservation) - multipole decomposition
The many-body physics (complex nuclear structure) are encoded into the form factor
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H.Behrens & W.Buhring formalism

Nuclear (3-decay involves complex many-body interactions - Impulse approximation each particle is
treated independently

BUT symmetries are conserved (angular momentum conservation) - multipole decomposition
The many-body physics (complex nuclear structure) are encoded into the form factor

Multipole decomposition : <f\H8aer%p|i> x ZjL(qR) Y5 (6)FL(G?)
LM
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H.Behrens & W.Buhring formalism

Nuclear (3-decay involves complex many-body interactions - Impulse approximation each particle is
treated independently

BUT symmetries are conserved ( conservation) - multipole decomposition
The many-body physics (complex nuclear structure) are encoded into the form factor

Multipole decomposition : <f\HgaerPep|i> x ZjL(qu’) FL(q°)
LM

- « old school » model independent with q = pf — p;

- Lepton & Hadronic part are treated independently

- QCD adds extra terms in weak vertex: induced currents

- Relation between form factor and nuclear matrix element(s)
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H.Behrens & W.Buhring formalism

Nuclear (3-decay involves complex many-body interactions - Impulse approximation each particle is
treated independently

BUT symmetries are conserved ( conservation) - multipole decomposition
The many-body physics (complex nuclear structure) are encoded into the form factor

Multipole decomposition : <f\HgaerPep|i> x ZjL(qu’) FL(q°)
LM

- « old school » model independent with q = pf — p;

- Lepton & Hadronic part are treated independently

- QCD adds extra terms in weak vertex: induced currents

- Relation between form factor and nuclear matrix element(s)

One-body transition density
Behrens & Biihring form factor notation F,Q’Ls(ke, m, n, p) = Z M%Ls(ke, m, n, p) x <<fJfH[ClCﬁ])\HCjJ/>

Relativistic electron parameter
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Code to reproduce Behrens & Buhring formalism

One-body Possible obervables

Inout " .Transm.on o )

P transi ion T o X /Ag, ratio
density % Shape factor C(Z, E)
A)«\ < B-spectrum, half-life

% Testing the CVC hypothesis

My, mg Nuclear % g quenching

Calculation Particle == Form factor <« matrix % Angular parameters
Parameter element

> B—«
\ > B —Y
» Electron-Neutrino

Output Observables (D time-reversal)
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Code to reproduce Behrens & Buhring formalism

One-body Possible obervables

Input : " | TranS|t!on o )
ransition T o X /Ag, ratio
density % Shape factor C(Z, E)
A)«\ < B-spectrum, half-life
% Testing the CVC hypothesis
My, mg Nuclear % g quenching
Calculation Particle == Form factor <« matrix % Angular parameters
Parameter element

> B—«
\ > B —Y
» Electron-Neutrino

Output Observables (D time-reversal)

—> All observables are expressed in terms of form factors for ANY type of transitions
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[1] X. Mougeot, Applied
Radiation and Isotopes, 2019

Result fO[' bF [2] W.Bambynek et al., Rev.

Mod. Phys. 49, 77 (1977)
Nuclear structures calculation for 2 datasets : the most recent (2019)[1] and old one (~1970)[2]
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Result for bg

[1] X. Mougeot, Applied
Radiation and Isotopes, 2019
[2] W.Bambynek et al., Rev.
Mod. Phys. 49, 77 (1977)

Nuclear structures calculation for 2 datasets : the most recent (2019)[1] and old one (~1970)[2]

Brexp/Brtheo 1 0.25
br =
Me [ Me
Eec Ee 0.20
0.15 A

Comparison with the additions of nuclear structure
corrections (several shell model interactions were

0.10 -
tested where possible). .
Q
- First time that by extraction is done with this 'new 0.0~
way’ with ‘old’ data.
0.00 -
—0.05 A
~0.10 A

11C

K/B*

13N 150 19Ne 18|:

K/B+ K/B+ K/B+ K/B+

22Na 22Na 57Ni 58co 58c° GSZn
(1275 keV) | (1275 keV) . (1505 keV) . (811 keV) . (811 keV)

K/B* ! EC/B*' EC/B*! K/B* ! EC/B*! K/B*

Lof i E FTIRL] H

- ® \Without 6ys
m 6l

)
5NS
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Result for bg

[1] X. Mougeot, Applied
Radiation and Isotopes, 2019
[2] W.Bambynek et al., Rev.
Mod. Phys. 49, 77 (1977)

Nuclear structures calculation for 2 datasets : the most recent (2019)[1] and old one (~1970)[2]

Brexp Brtheo 1 0.25
br = /
Me Me
Fec © <E> 0.20 -
0.15 -
Comparison with the additions of nuclear structure
corrections (several shell model interactions were 0.10 -
tested where possible). . '
QO
- First time that by extraction is done with this 'new 0.0~
way’ with ‘old’ data.
0.00 -
~0.05 -
In [2] the experimental uncertainties are larger than
[1].
~0.10 -

11C

K/B*

13N

K/B*

150

K/B*

19Ne 18|:

K/B+

K/B*

22Na 22Na 57Ni 58co 58c° GSZn
(1275 keV) | (1275 keV) . (1505 keV) . (811 keV) . (811 keV)

K/B* ! EC/B*' EC/B*! K/B* ! EC/B*! K/B*

Le¥ +E E FTIRL] H

-4 ® Without 65
m 6l

)
5NS

And in [1] the overlap & exchange (atomic)

corrections are better estimated.
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*) 2411.04268
Result for et constraints
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*) 2411.04268
Result for et constraints

Extraction of e by using the most recent contraint on €5 and g; from FLAG2024*

Gonzalez : All from Mirror
Alonso Fa“;%vzvik' [1] & [2] transitions
0.020 A 2019 This work This work
27 ds 8 ar 0.015 1
br =+ ~Re +|p?
1+ |p| gv —20a §
W0.010 -
A
0.005 A
0.000 1 } : +
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*) 2411.04268
Result for et constraints

Extraction of e by using the most recent contraint on €5 and g; from FLAG2024*

Gonzalez Falkowski All from Mir_r(_)r

0.020{ 3018 2021 Hiswak  hieons
2 8 015 -
bF — :|: ’Y 2Re gS + ‘p|2 gT 0.015

1+ |p| gv —204 §
W0 010 -
A
0.005 -~
0.000 A 1 }
et = 0.0019(24) (90%CL) ef'T = 0.0082(82) ¢, (30) grom(8)ns (90%CL)
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*) 2411.04268
Result for et constraints

Extraction of e by using the most recent contraint on €5 and g; from FLAG2024*

Gonzalez Falkowski All from Mir_r(_)r
0.0201 3016 2021 Thiswork  This work
2 8 015
1+p| gv —204 §

W0.010 |

A
0.005

0.000 - - } - - =5

g4 = 0.0019(24) (90%CL) £ = 0.0082(82) ¢xp(30) atom((8) ys(90%CL)

- Nuclear structure uncertaintes do not play significant role in constraints
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Summary

- With nuclear structure corrections at the ~10~3 level, uncertainties are an order of magnitude lower
than typical beta decay searches.

- Promising results for bg & e with ‘old’ data in a ‘new way’

- Nuclear structure uncertainties do not play significant role in exotic tensor constraints.

- Already competitive with global dataset in the search for exotic tensor current.
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Summary

- With nuclear structure corrections at the ~10~3 level, uncertainties are an order of magnitude lower
than typical beta decay searches.

- Promising results for bg & e with ‘old’ data in a ‘new way’

- Nuclear structure uncertainties do not play significant role in exotic tensor constraints.

- Already competitive with global dataset in the search for exotic tensor current.

Outlook

» ab initio calculations to appropriately estimate nuclear structure uncertainties in a controlled fashion.
add condensed matter theory to the Behrens & Buhring formalism to take account of superconducting
effects.

» Improvement in the estimation of atomic effects and uncertainties.

SALER/ASGARD will reduce the experimental uncertainties.

» Same study for first forbidden transitions.

4
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Result for et constraints

Extraction of e by using the most recent contraint on €5 and g; from FLAG2024*

0.020 A

2 8 015 |

br = +—— _Re( =95 4,22 19T 0015
1+ |p| gv —20a F

W0 010 -

0.005 A

0.000 A

2 different
approaches > Nuclear structure uncertaintes do not play significant role constraints
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[1] X. Mougeot, Applied
Radiation and Isotopes, 2019

Nuclear structure table [2] W.Bambynek et al., Rev.

Mod. Phys. 49, 77 (1977)

sotope | pep oy ol |(052(%)  se(%) Oee/Nsde [ec/Aade
TCac | -0.7544(8) -0.7728 -0.6927 || 023  0.30 0.00225(15) | 0.00211(6)
22Ngb:e : : - 20  -1.08 0.1083(9) | 0.1097(9)
41 57N : : : 0.03 1.460(47) | 1.447(11)
58G 0 : : : 0.03 5.61(8) 5.63(8)
6571° : : : 0.37 30.1(5) 29.6(7)
BNac | -0.560(1) -0.5480 -0.5077 0.03 0.00168(12) | 0.00176(5)
150ac | 0.630(2) 0.5555 0.5185 0.02 0.00107(6) | 0.00091(2)
21"7Fbe | 1.206(1)  1.1572  1.1376 0.66 : 0.00135(2)
18b.c - - - 0.61 0.030(18) | 0.0310(5)
19Nebe | -1.602(1) -1.6338 -1.6197 0.70 0.00096(3) | 0.00093(1)
CKPOT? usDB® YSOX¢ HOY JUN45¢
Model Space || 1032, 1p1/2 | 1812, 1052 | 18172, 1P3/2, 1p1/2 | N 15,2, 2D3/2, 2P1/2 | 1F/2, 1992
1030 1052, 103> P:1f; /5 2P3/2, 232
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W.Bambynek et al., Rev.
Mod. Phys. 49, 77 (1977)

Experimental Method

Detectors Estimated
accuracy (%)

Spectroscopy of K events and positrons Internal gaseous 6 18F, 58Co(K/B+)
(no K x-ray escape)

Spectroscopy of K events and positrons Internal gaseous apc 3 11C, 13N, 150, 19Ne
(no K x-ray escape)

Spectroscopy of K events and positrons Internal solid Nal(TI) 2 22Na(K/B+),
58Co(K/B+)

Spectroscopy of K Auger electrons and External solid Nal(Tl), Si(Li), pc 1 58Co(K/B+)

positrons

Measurement of positron-gamma ray External solid Pc, pl, Nal(Tl), Ge(Li) 2.5 22Na(EC/B+), 57Ni,

coincidences 58Co(EC/B+), 65Zn

Measurement of positron-gamma ray N External solid Pc, Nal(Tl) 0.3 22Na(EC/B+)

and positron-gamma ray S coincidences

Measurement of gamma ray-(511 keV) External solid Nal(Tl), Ge(Li) 3 58Co(K/B+)

beta+ annihilation photon coincidences

pc : proportional counter / apc : anticoincidence proportional counter
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Experimental Method

“ .

11C, 13N, 150, 18F, 19Ne Bambynek et al 1977

22Na + Galan 2009

S7Ni + Konijin 1958 + Bakhru and Preiss1967
58Co + Bé 2016

65Zn + Bé et al 2005
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Shell Model interactions

CKPOT

A:8-16

Model space : 1p3/;,
1p1/2

Inert core : He
Characteristic :
Obtained by
adjustment
Coulomb effect :
estimated from the
observed energy
differences of mirror
nuclei

|sospin : non-
relativistic charge-
independent form

GDR-InF - DUMENIL Victor

YSOX

A:8-30

Model space : 1p3/;,
1p1/2, 2812, 1ds5 )5 ,
1d3;

Inert core : He
Characteristic :Adjust
macroscopically,
Based on universal
monopole interaction
(VMU), SFO and
SDPF-M

Coulomb effect : like
CKPOT

|sospin : Assumed

USDB

A:16 -

Model space : 1ds/;,
251/2, 1d3/2

Inert core : 150
Characteristic :
Empirical, based on
a renormalised G
matrix (from the NN
potential)

Coulomb effect :
Obtained from
isobaric analogue
states
Isospin : Assumed

43

HO

A:48 -

Model space : 2p3,,
2p1/2, 1f5/2

Inert core : 35Ca
Characteristic :
Proton-neutron
interactions are
determined by fitting
to the observed
spectra

Coulomb effect :
|sospin : Assumed

JUN45

A: 56 -

Model space : 2p3,,
2p1/2, 1165/2, 1992
Inert core : 3§Ni
Characteristic :
Empirical, derived
from realistic
interaction (Bonn-C
potential)

Coulomb effect : via
Cole formula
Isospin : Assumed

November 13th, 2025



Nuclear structure uncertainties

5NS _ 5ex8p n 5theo

Sxs is calculed with the following from factors

Y FSoo(MEg),” Fio1 (Mar)," F)

Typically for allowed decays the 3 predominant form factors
And are measured experimentally

80 is calculed theoretically with all other form factors
Stheo can be considered as 8 e

+ other shell model interactions when it is possible
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Radiative corrections in EC/B+ ratio

my, 27 o 5
o ) + o (Wo 1)

I5G = 5, (3In 127

tot _ o 2 B
5RC‘2W(3'”me 4)+12W(W°+1) ORC
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Overlap and exchange corrections

Overlap effect : Exchange effect :
Imperfect overlap between initial K-shell capture contribution
a final atomic wave functions

-> Variation of nuclear charge Regular K capture Virtual K capture

+
@ @

L1 capture + L1-K exchange

+ M1, ...
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Overlap and exchange corrections B

B |° , (m. ) [(n. %))
B Kk = | = b K — t K m! K m’ K K K !
=g nw = In L];[n<( ) |( )>} {5n %Bn (m, k)'|(m, k))
Overlap Exchange
Bachall Vatai
fre = 1 o= (i ) T (oo )™ | I (o m)™ |

p#K

Shake-up and shake-off effects are
roughly accounted for, though certain
probabilities tend to be underestimated
while others are overestimated.

No Shake-up and shake-off effects, but
this approach is more comprehensive.
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Standard Model (SM)

Describes elementary particles and their interactions
Describes 3 of 4 fundamental forces
Strong model, consistent with constaints at TeV scale

Open questions :

» Gravity

» Dark Matter/Energy

» Asymmetry Matter/Anti-Matter

V1

Tau
neutrino

» Neutrino proprieties (masses, sterile, ...)
» Only Vector and Axial current (weak) ?
» CKM unitarity

e Ve

Electron Electron
neutrino

@currks O @ cruce Bosons @
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Experimental opportunities with recoil spectroscopy

Measurement of recoil energy (<keV) with STJ (~1 eV) - precision spectroscopy
Implementation of nucleus in the STJ |
- BeEST already competitive for sterile neutrino searches (See D.Guillet talk) »y
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SALER
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ASGARD

Radioactive lon Injection Beamline Open Dilution Refrigerator
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22Na case
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22Na case
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Pion Decay

™ — uT 4+, (99.9877%)
™ = et 41, (0.0123%)

paccay { 77 — 70 +eF + v, (1070%)

Lack of stat
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CKM precision

0Ot->0* Neutron Mirror Pion
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Naive Shell Model
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Shell Model : interactions
HiTHriV%jJr(iVijk)

1<jJ 1,7,k

3-body term can be omit

H ~ Hcore + Hvalence + 7'lcore—valence

~ constant Single-particle energy

1 >
Hemtence = Z Eiajai + 1 Z < ij|VeRtkl > a}a}akal
¢ @,,k,1

TBME
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Shell Model : interactions

CKPOT
A:8-16
Model space : 1p3/2, 1p;/2
TBME : V¢// adjust
phenologically

Potential : depend on orbits,

angular momentum J,
isospin T
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YSOX

A:8-30

Model space : 1p3/,, 1p1/2,
251/2, 1d5/2 ) 1d3/2

TBME : partially
microscopic, partially
adjusted

Potential : central, tensor
and spin-orbit

+ coulomb correction
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Lagrangian

L =Y [pO;n] x [€0;(C; + Ci»°)v]

Leg ey, v - uy*|Cy — (Cy — 2¢r)V°)d + esevy, - ud

— epevy, - ﬂ75d + ereo,, v - uoct? (1 — 75)d
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Nuclear matrix elements /A m¥,

Hadronic part :

2 types : - non-relatisvistic > coupling LNWFs
- relativistic - coupling LNWF with SNWEF (using CVC theory)

Ui = (i?:ll<(f>)§l_7ﬂ52>>

() = 1 [d L+ 1 (r) > Non-relativistic approximation
" T oM | dr Initl E~m
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Nuclear matrix element§“4m¥%, .
Leptonic part :

{gﬁgg} — Gn o i {Z::} (z)n - Exact solution

2k —1 “~—~ R _
n= (for central potential)
Correction on the electron wave central due to central (K, m,n, p; )
potential —
— (meR), (ER), (aZ)
i For uniform charge distribution
51.5 . 2
s 3 () wren
\ U =1
O S S N ST S R e o it r >R
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One-body transition density (OBTD)

Theory

Probability of transition of
a single nucleon between
two nuclear states

< CpJds|lalaslalidi >
OBTD =
VoA +1
A= 8] =l —Jy
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Model

Provides by shell model
calculation

Depends : Valence
Interaction
Model space
Valence
nucleon
configuration

Core

1) >= |core > ®|valence >

62

Using
Essential to compute
Form Factors and
evaluate the nuclear
structure
Tools :

KSHELL (Python)
NuShellX (Fortran,

Windows-only)
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GKLs factor

Crerslrp. i) = /(25 + D)@K +1)(2kp) + 1)(20(:) + 1)(2f5 + 1)(24 + 1) x

K S L
R, 1)) : 00 ( o zwf))

Biedenharm-Rose ji /2 Uki)

- Coupling between hadronic and leptonic wave functions
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Form Factors

<GP Mg Ta |G i My >= < alTxulB >< CpdpMy|clies|CiJidM; >
af

< CpJpl|TalGids >= A7 Z < a||Tallb >< ¢s Tyl es]allCids >

V/AF%LS — Z V/AM%LS X OBTD
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Form Factors
V/A.FgLS — Z V/AM%LS X OBTD

Nuclear matrix elements KSHELL
N : form factor order or
K : total angular momentum (rank) NUSHELLX
L : orbital multipolarity
s : 0 (spin parallel) or 1 (anti-parallel)

The form factors depend on induced currents
gs =9s =9gr =0
A NME and OBTD in the same NWF basis (HO, WS, ...)
Phase convention (Condon-Shortley or Biedenharm-Rose)
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Beta/EC Shape Factor

Theoritical Shape Factor :

, _
cE =Y N [MK(ke,kV)2+mK(ke,ky)2— 7]feg’“eMK(l(.:e,lq,/)mK(/ce,/@V)
ke ok K >1 ) ] Beta
, _
+da,0 [MO(L 1)% +mo(1,1)% — ﬁy]fgk Mo (1,1)mo(1,1)

Cx — Z )\ke [MK(keaku)Z +mK(k€7kv)2 + %MK(keakv)mKUfe;ku)
ke ky, , K>1 T i EC

+0A0 [Mo(l, 1)2 4+ mo(1,1)2 — %Mo(l, 1)mo(1, 1)

x

A
(Wiﬂf):(—l)K VFI]<VK0 FI]}TKl VFI]{VK—ll VFIZ<VK+11

A A A
(7Tz'77f) — (_1)K+1 Fi]<VK0 VFzg{VIﬂ FI](VK—H FIJ(VK—i—ll
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