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CKM matrix
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The unitarity requires that

Nuclear β-decay, meson decay (𝜋, K), |V!"|#~10$%

<latexit sha1_base64="mIz77h2wHiZm6557Xmtn2XjudHc="></latexit>

|Vud |2 + |Vus|2 + |Vub|2 = 1
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CKM matrix relates weak and mass eigenstates

The unitarity requires that

Nuclear β-decay, meson decay (𝜋, K), |V!"|#~10$%

The non-unitarity could be explained by a new particle or exotic
currents (fierz term)

<latexit sha1_base64="mIz77h2wHiZm6557Xmtn2XjudHc="></latexit>

|Vud |2 + |Vus|2 + |Vub|2 = 1

<latexit sha1_base64="XZkhu90ULfz1x/p0/AaB4IRUJZo="></latexit>

|Vud |20+ + |Vus|2 → 1 = →0.00166(69)
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Exotic currents & Fierz interference term
The effective field theory is a way to interpreting BSM physics at scale  Λ&'( ≫ 𝐿𝐻𝐶 (~ 14 TeV)
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Exotic currents & Fierz interference term

V – A structure in SM
ϵ) are proportional to (M*/Λ+,-)# à ϵ) ≤	10$.	à 𝚲𝐁𝐒𝐌 ≥ 15 TeV assuming natural couplings

at quark level

The effective field theory is a way to interpreting BSM physics at scale  Λ&'( ≫ 𝐿𝐻𝐶 (~ 14 TeV)
<latexit sha1_base64="vjfX+6CkTrOAKYVtnWX80lA8ETA="></latexit>

Leff = →GF Ṽud↑
2

{
ēωµεL · ūωµ[CV → (CA → 2ϑR)ω5]d + ϑSēεL · ūd

→ϑPēεL · ūω5d + ϑT ēϖµωεL · ūϖµω(1 → ω5)d

}
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<latexit sha1_base64="6/sX5R/WJAtKgI3xUq212h2h6xQ="></latexit>

bF = ± 2ω
1 + |ε|2 Re

(
ϑSgS

gV
+ |ε|2 8ϑT gT

→2gA

)

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

bSTILED : Precision measurement of β-spectrum shape (See R.Garreau talk)
SALER/ASGARD : Measurement of EC/β+ ratio

à 0 in SM
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Exotic current constraints
à Nuclear β-decay is competitive with the LHC in the search for exotic currents.

A.Falkowski et al, 2021
M.Gonzalez-Alonso et al, 2019
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How to obtain b! ?
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How to obtain b! ?
EC/β+ branching ratio : opposite sign dependence on 
b2 & probes the same nuclear matrix elements
    à extremely sensitive to new physics

<latexit sha1_base64="Y2iEi0nAnVHcF+hSIzmS265iMZY="></latexit>

ωEC

ωω+
=

fEC

fω+
(1 + εNS) ·

1+bF
me
EEC

1→bF

〈
me
Ee

〉

§  f34/f56 contains radiative, overlap, exchange corrections, etc.
§  Hadronic theory (Nuclear Structure effects)
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Making hadronic theory easy à T = 1/2 (mirror transitions MT) & Gamow-Teller

We can probe new physic at tens of TeV in new way 
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How to obtain b! ?
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ωω+
=
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fω+
(1 + εNS) ·

1+bF
me
EEC

1→bF

〈
me
Ee

〉

§  f34/f56 contains radiative, overlap, exchange corrections, etc.
§  Hadronic theory (Nuclear Structure effects)

Making hadronic theory easy à 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 𝛅𝐍𝐒) ?
6

Precision spectroscopy with STJ
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Branching ratio calculation
<latexit sha1_base64="Y2iEi0nAnVHcF+hSIzmS265iMZY="></latexit>

ωEC

ωω+
=

fEC

fω+
(1 + εNS) ·

1+bF
me
EEC

1→bF

〈
me
Ee

〉

*) L.Hayen et al., Rev. Mod. 
Phys. 90, 015008 (2018)
**) W.Bambynek et al., Rev. 
Mod. Phys. 49, 77 (1977)
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Shape factor
Phase space
Fermi function
Other corrections (from thecobs/BSG *)

<latexit sha1_base64="/y4XFEKpJNq8cJpu1YPJezI1D3Q="></latexit>

ωω+ →
∫ E0

me

dEpE(E0 ↑ E)2F (Z , E)C(Z , E)K (Z , E)

*) L.Hayen et al., Rev. Mod. 
Phys. 90, 015008 (2018)
**) W.Bambynek et al., Rev. 
Mod. Phys. 49, 77 (1977)
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Branching ratio calculation
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Relative occupation number
Shape factor
Neutrino momentum
Amplitude of wave function **
Overlap and exchange corrections **
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*) L.Hayen et al., Rev. Mod. 
Phys. 90, 015008 (2018)
**) W.Bambynek et al., Rev. 
Mod. Phys. 49, 77 (1977)

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

𝛅𝐍𝐒	 can be easily identified by
<latexit sha1_base64="Kd7SqTWQ8E8C5lOG+11WqwnCWzo="></latexit>

ωNS =
Cx

Cω+
→ 1
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H.Behrens & W.Bühring formalism
Nuclear β-decay involves complex many-body interactions à Impulse approximation each particle is 
treated independently  
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Multipole decomposition : 

Nuclear β-decay involves complex many-body interactions à Impulse approximation each particle is 
treated independently  

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

<latexit sha1_base64="lDoojgdOvThFMXPo5qe4peVzDDk="></latexit>〈
f |Hhadr

0 L
0
lep|i

〉
→

∑

L,M

jL(qR)Y L

M (q̂)FL(q2)
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H.Behrens & W.Bühring formalism

Multipole decomposition : 

Nuclear β-decay involves complex many-body interactions à Impulse approximation each particle is 
treated independently  

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

à « old school » model independent with q = p8 − p)
à Lepton & Hadronic part are treated independently
à QCD adds extra terms in weak vertex: induced currents 
à Relation between form factor and nuclear matrix element(s)

Behrens & Bühring form factor notation
<latexit sha1_base64="V2t7DrIhDdVq8yj1d5WewU9E5C4="></latexit>

F N
K Ls(ke, m, n, ω) =

∑
MN

K Ls(ke, m, n, ω) →
〈
εf Jf ||[c†

ωcε ]ϑ||εi Ji
〉

<latexit sha1_base64="lDoojgdOvThFMXPo5qe4peVzDDk="></latexit>〈
f |Hhadr

0 L
0
lep|i

〉
→

∑

L,M

jL(qR)Y L

M (q̂)FL(q2)

One-body transition density

Relativistic electron parameter 
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Code to reproduce Behrens & Bühring formalism

Input

Calculation

Output

Transition 
informations

One-body 
transition 
density

Nuclear 
matrix 

element
Form factor

𝑀!, 𝑚!
Particle 

Parameter

Observables

Possible obervables :
v  𝛌𝐄𝐂/𝛌𝛃6 ratio
v Shape factor C(Z, E)
v β-spectrum, half-life
v Testing the CVC hypothesis
v g< quenching
v Angular parameters

Ø β − α
Ø β − γ
Ø Electron-Neutrino                 

(D time-reversal)
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Code to reproduce Behrens & Bühring formalism

à All observables are expressed in terms of form factors for ANY type of transitions
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Result for b!
Nuclear structures calculation for 2 datasets : the most recent (2019)[1] and old one (~1970)[2] 

[1] X. Mougeot, Applied 
Radiation and Isotopes, 2019
[2] W.Bambynek et al., Rev. 
Mod. Phys. 49, 77 (1977)
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<latexit sha1_base64="GbE2Vh9HlDNNVqTXwInTnT350Qc="></latexit>

bF =
Brexp/Br theo → 1

me
EEC

+
〈

me
Ee

〉

10

Comparison with the additions of nuclear structure 
corrections (several shell model interactions were 
tested where possible).

à First time that b" extraction is done with this 'new 
way’ with ‘old’ data.
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bF =
Brexp/Br theo → 1

me
EEC

+
〈

me
Ee

〉

In [2] the experimental uncertainties are larger than 
[1].
And in [1] the overlap & exchange (atomic) 
corrections are better estimated.

10

Comparison with the additions of nuclear structure 
corrections (several shell model interactions were 
tested where possible).

à First time that b" extraction is done with this 'new 
way’ with ‘old’ data.
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Result for ε" constraints
*) 2411.04268
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Result for ε" constraints
Extraction of ε= by using the most recent contraint on ε, and g) from FLAG2024*

*) 2411.04268
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ϑSgS
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+ |ε|2 8ϑT gT

→2gA

)
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à Nuclear structure uncertaintes do not play significant role in constraints
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Summary
à With nuclear structure corrections at the	~𝟏𝟎$𝟑 level, uncertainties are an order of magnitude lower

than typical beta decay searches.
à  Promising results for b2 & ε=	 with ‘old’ data in a ‘new way’
à Nuclear structure uncertainties do not play significant role in exotic tensor constraints.
à  Already competitive with global dataset in the search for exotic tensor current.
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Summary
à With nuclear structure corrections at the	~𝟏𝟎$𝟑 level, uncertainties are an order of magnitude lower

than typical beta decay searches.
à  Promising results for b2 & ε=	 with ‘old’ data in a ‘new way’
à Nuclear structure uncertainties do not play significant role in exotic tensor constraints.
à  Already competitive with global dataset in the search for exotic tensor current.

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

effects.
v Improvement in the estimation of atomic effects and uncertainties.
v SALER/ASGARD will reduce the experimental uncertainties.
v Same study for first forbidden transitions.
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Result for ε" constraints
Extraction of ε= by using the most recent contraint on ε, and g) from FLAG2024*

*) 2411.04268

𝜺𝑻𝑨𝒍𝒍 = 𝟎. 𝟎𝟎𝟏𝟗 𝟐𝟒 	(90%CL)𝜺𝑻𝑴𝑻 = 𝟎. 𝟎𝟎𝟖𝟐(𝟖𝟐)𝒆𝒙𝒑(𝟑𝟎)𝒂𝒕𝒐𝒎(𝟖)𝑵𝑺	(90%CL)

Theoretical uncertainties

2 different 
approaches à Nuclear structure uncertaintes do not play significant role constraints

<latexit sha1_base64="6/sX5R/WJAtKgI3xUq212h2h6xQ="></latexit>

bF = ± 2ω
1 + |ε|2 Re
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ϑSgS
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+ |ε|2 8ϑT gT

→2gA

)
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Nuclear structure table
<latexit sha1_base64="Zp+hsFtzZRlaZWiE6QgqbdJyOdU="></latexit>

Isotope ωexp ωI
th ωII

th εexp
NS (%) εI

NS(%) εII
NS(%) (ϑEC/ϑω+ )exp (ϑEC/ϑω+ )th

11Ca,c -0.7544(8) -0.7728 -0.6927 0.23 0.30 0.26 0.00225(15) 0.00211(6)
22Nab,c - - - -2.0 -1.08 0.32 0.1083(9) 0.1097(9)

57Nid - - - - 0.03 - 1.460(47) 1.447(11)
58Cod - - - - 0.03 - 5.61(8) 5.63(8)
65Zne - - - - 0.37 - 30.1(5) 29.6(7)
13Na,c -0.560(1) -0.5480 -0.5077 0.01 0.03 0.01 0.00168(12) 0.00176(5)
15Oa,c 0.630(2) 0.5555 0.5185 0.01 0.02 -0.02 0.00107(6) 0.00091(2)
17Fb,c 1.296(1) 1.1572 1.1376 0.48 0.66 0.64 - 0.00135(2)
18Fb,c - - - - 0.61 0.59 0.030(18) 0.0310(5)

19Neb,c -1.602(1) -1.6338 -1.6197 0.50 0.70 0.69 0.00096(3) 0.00093(1)

<latexit sha1_base64="91/jMuvKOyFCr8/YDhGGXXw7g5Y="></latexit>

CKPOTa USDBb YSOXc HOd JUN45e

Model Space 1p3/2, 1p1/2 1s1/2, 1d5/2 1s1/2, 1p3/2, 1p1/2 N: 1f5/2, 2p3/2, 2p1/2 1f7/2, 1g9/2
1d3/2 1d5/2, 1d3/2 P: 1f7/2 2p3/2, 2p3/2
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Experimental Method
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Method Source Detectors Estimated 
accuracy (%)

Nucleus

Spectroscopy of K events and positrons 
(no K x-ray escape)

Internal gaseous pc 6 18F, 58Co(K/B+)

Spectroscopy of K events and positrons 
(no K x-ray escape)

Internal gaseous apc 3 11C, 13N, 15O, 19Ne

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

Spectroscopy of K Auger electrons and 
positrons 

External solid NaI(Tl), Si(Li), pc 1 58Co(K/B+)

Measurement of positron-gamma ray 
coincidences

External solid Pc, pl, NaI(Tl), Ge(Li) 2.5 22Na(EC/B+), 57Ni, 
58Co(EC/B+), 65Zn

Measurement of positron-gamma ray N 
and positron-gamma ray S coincidences 

External solid Pc, NaI(Tl) 0.3 22Na(EC/B+)

Measurement of gamma ray-(511 keV) 
beta+ annihilation photon coincidences

External solid NaI(Tl), Ge(Li) 3 58Co(K/B+)

pc : proportional counter / apc : anticoincidence proportional counter

W.Bambynek et al., Rev. 
Mod. Phys. 49, 77 (1977)
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Experimental Method
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Nucleus References

11C, 13N, 15O, 18F, 19Ne Bambynek et al 1977

22Na + Galan 2009

57Ni + Konijin 1958 + Bakhru and Preiss1967

58Co + Bé 2016

65Zn + Bé et al 2005
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Shell Model interactions

43

CKPOT
A : 8 - 16
Model space : 1p#/%, 
1p&/%
Inert core : %'He
Characteristic : 
Obtained by 
adjustment
Coulomb effect : 
estimated from the 
observed energy 
differences of mirror 
nuclei
Isospin : non-
relativistic charge-
independent form

YSOX USDB HO JUN45
A : 8 - 30
Model space : 1p#/%, 
1p&/%, 2s&/%, 1d(/% , 
1d#/%
Inert core : %'He
Characteristic :Adjust 
macroscopically, 
Based on universal 
monopole interaction 
(VMU), SFO and 
SDPF-M
Coulomb effect : like 
CKPOT
Isospin : Assumed

A : 16 - 
Model space : 1𝑑(/%, 
2𝑠&/%, 1𝑑#/% 
Inert core : )

&*𝑂
Characteristic : 
Empirical, based on 
a renormalised G 
matrix (from the NN 
potential)
Coulomb effect : 
Obtained from 
isobaric analogue 
states
Isospin : Assumed

A : 48 - 
Model space : 2𝑝#/%, 
2𝑝&/%, 1𝑓(/% 
Inert core : %+')𝐶𝑎
Characteristic : 
Proton-neutron 
interactions are 
determined by fitting 
to the observed 
spectra
Coulomb effect :
Isospin : Assumed

A : 56 - 
Model space : 2𝑝#/%, 
2𝑝&/%, 1𝑓(/%, 1𝑔,/% 
Inert core : %)(*𝑁𝑖
Characteristic : 
Empirical, derived 
from realistic 
interaction (Bonn-C 
potential)
Coulomb effect : via 
Cole formula
Isospin : Assumed
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Nuclear structure uncertainties

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

<latexit sha1_base64="QT3Oah2rjjYGSSb+MdCJf4v7HBc="></latexit>

V F 0
000(MF ),A F 0

101(MGT ),V F 0
111

<latexit sha1_base64="GAfLZVK6rFPx0C+SdLSAaGNphfQ="></latexit>

ωNS = ωexp
NS + ωtheo

NS

δL,
MNO is calculed with the following from factors

δL,PQMR is calculed theoretically with all other form factors
δL,PQMR can be considered as δS!"#$%&
+ other shell model interactions when it is possible
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Radiative corrections in EC/B+ ratio

<latexit sha1_base64="19toZjD/UL8gl58yuNZHaGR8S08="></latexit>

ωEC
RC =

ε

2ϑ

(
3ln

mp

me
→ 27

4

)
+

ε

12ϑ
(W0 + 1)2

<latexit sha1_base64="FI/WnVkpGlfuoz3jtdOtse+/TnM="></latexit>

ωtot
RC =

ε

2ϑ

(
3ln

mp

me
→ 27

4

)
+

ε

12ϑ
(W0 + 1)2 → ωωRC
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Overlap and exchange corrections

Overlap effect :
Imperfect overlap between initial 
a final atomic wave functions 
à Variation of nuclear charge

Exchange effect :
K-shell capture contribution

+

Regular K capture Virtual K capture

+ M1, …

L1 capture + L1-K exchange

46
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Overlap and exchange corrections B

Bachall Vatai

<latexit sha1_base64="8Z0Dh0n8h4jRlib5ueuAE3XXTAo="></latexit>

Bnω =
∣∣∣∣
bnω

ωnω

∣∣∣∣
2

<latexit sha1_base64="67fmeaVTrhuSUo92OSmgvyIefcs="></latexit>

bnω = tnω

[
∏

m →=n

〈
(m,ω)

→
|(m,ω)

〉][
εnω →

∑

m →=n

εnω

〈
(m,ω)

→ |(n,ω)
〉

↑(m,ω)→ |(m,ω)↓

]

Overlap Exchange

<latexit sha1_base64="OTawQAyN1sm6YHagEtOn8W77CtI="></latexit>

tnω = 1
<latexit sha1_base64="2AYcE0kmE8CIap5l5m1Pqd+rNMM="></latexit>

tnω =
〈

(n,ω)
→
|(n,ω)

〉nnω→0.5|ω|
[
∏

m ↑=n

〈
(m,ω)

→
|(m,ω)

〉nmω→1
][

∏

m,µ
µ ↑=ω

〈
(m,µ)

→
|(m,µ)

〉nmµ

]

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 :
ØGravity 
ØDark Matter/Energy
ØAsymmetry Matter/Anti-Matter
ØNeutrino proprieties (masses, sterile, …)
ØOnly Vector and Axial current (weak) ?
ØCKM unitarity
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Experimental opportunities with recoil spectroscopy
Measurement of recoil energy (<keV) with STJ (~1 eV) à precision spectroscopy
Implementation of nucleus in the STJ
à BeEST already competitive for sterile neutrino searches (See D.Guillet talk)
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Thermal windows

SALER

50
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ASGARD
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22Na case
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22Na case
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Pion Decay
<latexit sha1_base64="8ZyFoY6ZiXFpViT8x5Ktq0rTapw="></latexit>

ω± → µ± + εµ (99.9877%)

ω± → e± + εe (0.0123%)

ω± → ω0 + e± + εe ( 10→6%)
Lack of stat 

β-decay

54



November 13th, 2025GDR-InF - DUMENIL Victor

CKM precision
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Naive Shell Model
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Shell Model : interactions
<latexit sha1_base64="At4gtElaRL1QNnvk4IKgjUnU3xg="></latexit>

H =
A∑

i

Ti +
A∑

i<j

Vij + (
A∑

i,j,k

Vijk)

<latexit sha1_base64="5ej85NKp31IuLE+3cfVk29ZM6lU="></latexit>

H → Hcore +Hvalence +Hcore-valence

<latexit sha1_base64="JdUWB9O/d/+MLh/8FcOQPaTLsz8="></latexit>

H
e!
valence =

∑

i

ωia
†
iai +

1

4

∑

i,j,k,l

< ij|V e!
|kl > a†ia

†
jakal

3-body term can be omit

Single-particle energy~ constant

TBME
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Shell Model : interactions
CKPOT

A : 8 - 16
Model space : 1𝑝T/#, 1𝑝V/#
TBME : 𝑉WXX adjust 
phenologically
Potential : depend on orbits, 
angular momentum J, 
isospin T

YSOX
A : 8 - 30
Model space : 1𝑝T/#, 1𝑝V/#, 
2𝑠V/#, 1𝑑%/# , 1𝑑T/#
TBME : partially 
microscopic, partially 
adjusted
Potential : central, tensor 
and spin-orbit 
+ coulomb correction

ckpot ysox exp
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Lagrangian
<latexit sha1_base64="NOF+CokosHxxXYuPf3zmPAi8GgM="></latexit>

L =
∑

[pOin]→ [eOi(Ci + Ciω
5)ε]

<latexit sha1_base64="x4lYjsiztkwKL3jHGurXnmx2uBU="></latexit>

Le! →eωµεL · uωµ[CV ↑ (CA ↑ 2ϑR)ω
5]d+ ϑSeεL · ud

↑ ϑP eεL · uω5d+ ϑT eϖµωεL · uϖµω(1↑ ω5)d
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Nuclear matrix elements

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

à Non-relativistic approximation
<latexit sha1_base64="v95ABJRwaR5fCCdyjThk0OhEjNA="></latexit>

E → m

<latexit sha1_base64="TsNSsxcleGsF1pqfZ9lxRswgt3A="></latexit>

!nlm =

(
gnl(r)”lm(r̂)
ifnl(r)”→lm(r̂)

)

<latexit sha1_base64="zpyVS7I2STJHteQcwldUJW9T4qI="></latexit>(
m+ V ωε · ωp
ωε · ωp →m+ V

)
!nlm = E!nlm

Hadronic part :
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Nuclear matrix elements

Correction on the electron wave central due to central 
potential

For uniform charge distribution

Leptonic part :

<latexit sha1_base64="hC5jtd11q8MqUpK5ku54+4QU3VU="></latexit>

U(r) =






3

2
→ 1

2

( r

R

)2
if r ↑ R

R

r
if r > R

<latexit sha1_base64="LedGLbHXgBtmUUKWzhBZpQsg7YY="></latexit>{
fω(r)
gω(r)

}
= ωω

(pr)(k→1)

2k → 1

↑∑

n=0

{
aωn
bωn

}( r

R

)n

à Exact solution
(for central potential)
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One-body transition density (OBTD)

Probability of transition of
a single nucleon between
two nuclear states

𝜆 = 	Δ𝐽 = |𝐽- − 𝐽.|

Theory Model Using
Provides by shell model
calculation

Depends :
Interaction
Model space
Valence
nucleon
configuration

Essential to compute
Form Factors and
evaluate the nuclear
structure

Tools :
KSHELL (Python)
NuShellX (Fortran,
Windows-only)
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GKLs factor
<latexit sha1_base64="8iACBpmN+JNXL9uoj27W9qCk+LI="></latexit>

GKLs(ωf ,ωi) =
√
(2s+ 1)(2K + 1)(2l(ωf ) + 1)(2l(ωi) + 1)(2jf + 1)(2ji + 1)→

il(ωf )+l(ωi)+L(↑1)ji→jfC(l(ωf )l(ωi)L; 00)




K s L
jf 1/2 l(ωf )
ji 1/2 l(ωi)





Biedenharm-Rose Clebsch-
Gordan 
Coefficient

9j-Wigner
symbol

à Coupling between hadronic and leptonic wave functions
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Form Factors
<latexit sha1_base64="Cp9OADNPSBXgodSiNenklnJcfSw="></latexit>

< ωfJfMf |Tωµ|ωiJiMi >=
∑

εϑ

< ε|Tωµ|ϑ >< ωfJfMf |c†εcϑ |ωiJiMi >

<latexit sha1_base64="VPyCikZLjR1+ixgwy1/eiZ4XVuQ="></latexit>

< ωfJf ||Tω|ωiJi >= ε→1
∑

a,b

< a||Tω||b >< ωfJf ||[c†εcϑ ]ω||ωiJi >
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Form Factors

KSHELL
or
NUSHELLX

Nuclear matrix elements

NME and OBTD in the same NWF basis (HO, WS, …)
Phase convention (Condon-Shortley or Biedenharm-Rose)

The form factors depend on induced currents

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

<latexit sha1_base64="/E1RntxngWATSZ7kCzXJ4uASyuQ="></latexit>

gM → 0.001

gS = gS = gT = 0
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Beta/EC Shape Factor
Theoritical Shape Factor :

<latexit sha1_base64="ttpw66RXzTbBXWTNsmBH2vzGnAA="></latexit>

(ωiωf ) = (→1)K V FN
KK0

AFN
KK1

V FN
KK→11

V FN
KK+11

(ωiωf ) = (→1)K+1 AFN
KK0

V FN
KK1

AFN
KK→11

AFN
KK+11

Conserved Vector Current 
(CVC) hypothesis

<latexit sha1_base64="/aRdsxfqUeBWayrOmo0oiv1UUmY="></latexit>

C(E) =
∑

ke,kω ,K→1

ωke

[
MK(ke, kω)

2 +mK(ke, kω)
2 → 2εkeµke

keE
MK(ke, kω)mK(ke, kω)

]

+ϑ!J,0

[
M0(1, 1)

2 +m0(1, 1)
2 → 2εkeµke

keE
M0(1, 1)m0(1, 1)

]

<latexit sha1_base64="C8y++3Z87dX0aNUnWUlXmRHdzo4="></latexit>

Cx =
∑

ke,kω ,K→1

ωke

[
MK(ke, kω)

2 +mK(ke, kω)
2 +

εx

kx
MK(ke, kω)mK(ke, kω)

]

+ϑ!J,0

[
M0(1, 1)

2 +m0(1, 1)
2 → εx

kx
M0(1, 1)m0(1, 1)

]

Beta

EC

Coulomb functions
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