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Why use n and nuclei ?

➭ Beta decay brings independent and competitive 
constraints to HEP in the weak sector when 
going to 0.1% level

▪ Beta decay 
n and nuclei extensively used to establish the 
properties of the weak interaction in the 
framework of the SM

▪ Effective Field Theory
Model independent approach : no assumption on NP 
origin
Wilson coefficients :

M. González-Alonso, O. Naviliat-Cuncic, N. Severijns Prog. Part. Nucl. Phys. (2019)

A. Falkowski, M. González-Alonso, O. Naviliat-Cuncic JHEP04 (2021)
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Figure 3. 90% CL const raints on scalar and tensor coefficients obtained from beta decays in this

work (solid black line) and from LHC data (dashed blue and dot ted red lines) [22]. We st ress here

again that T is defined in this work with a different normalizat ion (by a factor of 4) than in ref. [22].

that precision measurements of beta decays can effect ively probe similarly high scales as

the LHC, even though they involve merely MeV energy t ransfers!

To close this subsect ion, we come back to the comparison of the const raining power

of the mirror t ransit ions and other nuclear observables. In table 5 we compare the 1σ

confidence intervals obtained with and without including the mirror data. The mirror data

alone, without any other input , are capable of simultaneously constraining V̂ud, S, T ,

together with the six relevant mixing rat ios ρ. This shows that the mirror t ransit ions can

potent ially play an important role in probing new physics beyond the SM, in addit ion to

measuring theCKM element Vud within theSM scenario. However, much as in theSM case,

the impact of themirror t ransit ions iscurrent ly limited in thescenario with only left -handed

neut rinos. As ant icipated above, the reason is that V̂ud, S, T are already well const rained

by a combinat ion of superallowed and neut ron data, without leaving flat direct ions in the

parameter space. Compared to the superallowed and neutron data, the uncertaint ies of

correlat ion measurements in mirror t ransit ions is st ill too large by a factor of few, therefore

mirror data does not improve the constraints in this scenario. St ill, and much like in the

SM scenario, mirror decays improve the robustness of beta decay constraints since they

come from different experiments and are subject to different systemat ics.

4.3 N on-standard interact ions involving left - and right-handed neutrinos

Finally, we discuss the const raints on the Wilson coefficients of the Lee-Yang Lagrangian in

eq. (2.2) when all of them are allowed to be simultaneously present . In part icular, the Wil-

– 20 –
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Beta decay

▪ n beta decay Lagrangian

SM “V-A” structure

Exotic currents : S and T
P omitted  

Table 1.2: Bilinear Invariants in Dirac Theory

Operators Parity Transformation Number of Nonzero Elements

 ̄  Scalar (S) 1

 ̄ γµ  Vector (V ) 4

 ̄ σµ⌫ Tensor (T) 6

 ̄ γµγ5 Axial Vector (A) 4

 ̄ γ5 Pseudoscalar (P) 1

a bold step and suggested a three-body decay process to explain the β-spect rum,

introducing a third part icle based on the energy-momentum conservat ion laws. This

‘third part icle’ must have negligible mass, carry an intrinsic spin momentum 1
2
~ and

at some point be capable of carrying all of the electron energy. It must not interact

electromagnet ically, so it must be an electrically neutral part icle. The introduct ion

of this part icle explained the cont inuous energy spectrum of nuclear β-decay. Soon

after the discovery of the neutron by Chadwick in 1932 [14], this part icle was named

‘neutrino’ by Fermi in reference to the neutral part icle (neutron) that resides inside

the nucleus of an atom. Fermi developed the theory of β-decay based on the Pauli

Figure 1.2: Fermi’s analogy of four-fermion interact ion to the electrodynamics [1].

neutrino hypothesis2. Analogous to the vector interact ion in electrodynamics (see

Figure 1.2), Fermi considered the Hamiltonian [27] for β-decay as a vector-vector

interact ion given by

H β(x) = CV  ̄ p(x)γµ n (x)  ̄ e(x)γµ  ⌫̄(x), (1.2)

where CV is the vector coupling constant and  (x)’s are the fields (Dirac fields)

associated with each part icle. The quant ity  ̄ p(x)γµ  n (x) is a vector current and the

Hamiltonian involves a current ⇥ current interact ion. In the system of units with

~ = 1 and c = 1, the charge of an electron is dimensionless and the coupling constant

CV has a dimension of M − 2 making it an effect ive coupling constant (Fermi Constant

2At that t ime the neut rino was only a hypothet ical part icle int roduced to explain the cont inuous

energy spect rum in β-decay using the energy-momentum conservat ion laws. It was only in 1954 that

neut rinos were " discovered" when Cowan and Reines detected the emission of ant ineutrinos from

the nuclear reactor. Reines received the Nobel Prize in 1995 for this discovery.

5T.Lee, C-N Yang Phys. Rev. 104 (1956)

M. González-Alonso, Colloque GANIL (2019)
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Beta decay

▪ n beta decay Lagrangian

SM ➭ Ci = Ci
’
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5T.Lee, C-N Yang Phys. Rev. 104 (1956)

M. González-Alonso, Colloque GANIL (2019)

SM “V-A” structure

Exotic currents : S and T
P omitted  



5

Beta decay

▪ n beta decay Lagrangian

SM ➭ Ci = Ci
’

Table 1.2: Bilinear Invariants in Dirac Theory

Operators Parity Transformation Number of Nonzero Elements

 ̄  Scalar (S) 1

 ̄ γµ  Vector (V ) 4

 ̄ σµ⌫ Tensor (T) 6

 ̄ γµγ5 Axial Vector (A) 4

 ̄ γ5 Pseudoscalar (P) 1

a bold step and suggested a three-body decay process to explain the β-spect rum,

introducing a third part icle based on the energy-momentum conservat ion laws. This

‘third part icle’ must have negligible mass, carry an intrinsic spin momentum 1
2
~ and

at some point be capable of carrying all of the electron energy. It must not interact

electromagnet ically, so it must be an electrically neutral part icle. The introduct ion

of this part icle explained the cont inuous energy spectrum of nuclear β-decay. Soon

after the discovery of the neutron by Chadwick in 1932 [14], this part icle was named

‘neutrino’ by Fermi in reference to the neutral part icle (neutron) that resides inside

the nucleus of an atom. Fermi developed the theory of β-decay based on the Pauli

Figure 1.2: Fermi’s analogy of four-fermion interact ion to the electrodynamics [1].

neutrino hypothesis2. Analogous to the vector interact ion in electrodynamics (see

Figure 1.2), Fermi considered the Hamiltonian [27] for β-decay as a vector-vector

interact ion given by

H β(x) = CV  ̄ p(x)γµ n (x)  ̄ e(x)γµ  ⌫̄(x), (1.2)

where CV is the vector coupling constant and  (x)’s are the fields (Dirac fields)

associated with each part icle. The quant ity  ̄ p(x)γµ  n (x) is a vector current and the

Hamiltonian involves a current ⇥ current interact ion. In the system of units with

~ = 1 and c = 1, the charge of an electron is dimensionless and the coupling constant

CV has a dimension of M − 2 making it an effect ive coupling constant (Fermi Constant

2At that t ime the neut rino was only a hypothet ical part icle int roduced to explain the cont inuous

energy spect rum in β-decay using the energy-momentum conservat ion laws. It was only in 1954 that

neut rinos were " discovered" when Cowan and Reines detected the emission of ant ineutrinos from

the nuclear reactor. Reines received the Nobel Prize in 1995 for this discovery.

5T.Lee, C-N Yang Phys. Rev. 104 (1956)

M. González-Alonso, Colloque GANIL (2019)

SM “V-A” structure

Exotic currents : S and T
P omitted  
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Beta decay

▪ n beta decay Lagrangian

▪ Decay rate distribution for polarized nuclei 

b-n correlation coefficient
CP conserving

Access to CS and CT quadratically

Fierz interference term
CP conserving
Access to CS and CT linearly

« D » coefficient
CP violating
Acces to CA, CA

’, CV, CV
’ linearly
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5T.Lee, C-N Yang Phys. Rev. 104 (1956)

M. González-Alonso, Colloque GANIL (2019)

J.D Jackson, S.B Treiman, H.W Wyld Nuclear Phys 4 (1957) 

SM “V-A” structure

Exotic currents : S and T
P omitted  
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Beta decay

▪ n beta decay Lagrangian

▪ Decay rate distribution for polarized nuclei 

□ Ft values : Vud, b
□ Beta spectrum shape : b
□ Correlation measurements : a, b, D
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M. González-Alonso, Colloque GANIL (2019)

J.D Jackson, S.B Treiman, H.W Wyld Nuclear Phys 4 (1957) 

SM “V-A” structure

Exotic currents : S and T
P omitted  



▪ Unitarity test of the CKM matrix 1st row : 

0+ ⟶ 0+ superallowed Fermi transition :

Ft values : total decay rates 

8
JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)

~300 stable isotopes

~3000 with known properties 

~6000 predicted!
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0+ ⟶ 0+ superallowed Fermi transition :

222 individual measurements from 23 decays :

Ft values : total decay rates 
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Trap : QEC

Dm ~ 10-8

Beta counting and Ge 
with calibrated e : 
t1/2 and BR
De ~ 0.2%

Statistical rate 
function

Partial half-life Corrections:
Radiative < 1%
Structure < 1%

Theoretical Calculations
uncertainties < 0.1%
(except 62Ga&74Rb)

JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)

~300 stable isotopes

~3000 with known properties 

~6000 predicted!

15 transitions with 
uncertainties < 0.3%



▪ Unitarity test of the CKM matrix 1st row : 

0+ ⟶ 0+ superallowed Fermi transition :

222 individual measurements from 23 decays :

▪ Sensitivity to exotic scalar currents : b = ± 0.002

If b≠0 then f is affected : 

Ft values : total decay rates 
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Trap : QEC

Dm ~ 10-8

Beta counting and Ge 
with calibrated e : 
t1/2 and BR
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Beta spectrum shape
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▪ Beta energy spectrum for non polarized nuclei :

Highest sensitivity candidates due to kinematics : endpoint energy 1-4 MeV
All theoretical corrections under control at 0.1% level

▪ Experimental Challenges 
□ Electron backscattering
□ energy loss in source
□ Detector dead layer

▪ Set-ups : 4p, MWDC, CRES...
Ongoing programs with 6He@LPC, 114In@Leuven, 20F...

M . González-Alonso N P searches in β decays7

✓ Direct effect in the spectrum: 

   

1

G

dG

dE e

   

1

G

dG

dE e

Probing the Fierz term

Optimal  endpoint: 1-4  MeV

[ MGA &   Navil iat-Cuncic, PRC94 (2016)]

M. González-Alonso, O. Naviliat-Cuncic Phys. Rev. C 94 (2016) 

L. Hayen et al, Rev. Mod. Phys. 90 (2018)



Correlation measurements : WISArD
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▪ Decay rate for non polarized nuclei 

▪ Correlation measurement = recoil measurement

a > 0 : q =0° favored and large recoil
a < 0 : q =180° favored and small recoil

access to : 

Beta nuclear recoil < 1 keV

e+

ne

Nuclear 
recoil

q
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▪ Decay rate for non polarized nuclei 

▪ Correlation measurement = recoil measurement

a > 0 : q =0° favored and large recoil
a < 0 : q =180° favored and small recoil

access to : 

Beta nuclear recoil < 1 keV

e+

ne

Nuclear 
recoil

q

➭ Best measurement aF at 0.48% 

= 1

= 0

Pure Fermi transition  DJ=0 S=0

Gorelov, A. et al, Phys. Rev. Lett. 94, 1425 (2005)



Correlation measurements : WISArD
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▪ b-delayed p emission in 32Ar

□ Fermi 0+ ⟶ 0+ transition from GS to IAS
□ Recoil energy ~100s eV
□ Beta delayed p emission ~ 3 MeV
□ IAS : G ~ 20 eV⬄T1/2 ~ 10-17 s

➭ p emission in flight from the recoil

▪ b-p coincidence measurement

□ Beta detector with detection 
threshold below 10 keV

□ Strong magnetic field 
□ 2 symmetrical p detectors 

with resolution < 15 keV and
high solid angle

p

e+

ne

Nuclear 
recoil

q

Detector Plane

p in SiDOWN

DE

p in SiUP



WISArD at ISOLDE
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Proof-of-principle (2018)

□ Readily available b and p detectors
□ ~ 1700 pps of 32Ar instead of 3000 nominal
□ ~ 35h of beamtime

➭ 3rd best result

6 mm mylar Catcher

b detector: plastic 
scintillator and SiPM

2 x 4 proton detectors
(300 mm Si Detectors)

+ FASTER DAQ
in B = 4 T 

(WITCH magnet)
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□ Readily available b and p detectors
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□ ~ 35h of beamtime
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WISArD at ISOLDE
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6 mm mylar Catcher

b detector: plastic 
scintillator and SiPM

2 x 4 proton detectors
(300 mm Si Detectors)

+ FASTER DAQ
in B = 4 T 

(WITCH magnet)

Exclusion plot from D. Atanasov
V. Araujo-Escalona et al. Phys. Rev. C 101 (2020)



WISArD at ISOLDE

17

2022 Upgrade

▪ Ion beam transport  
98% transmission (SIMION)

▪ p detectors 
40% solid angle + 10 keV resolution + 100 nm 
dead layer

▪ Beta detector
Lower detection threshold + Validation of 
backscattering (GEANT4)

Next data taking : spring 2023 Exclusion plot from D. Atanasov

Goal : ~ 0.1% precision to 
compete with HEP



Correlation measurements : many projects 
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See talk by N. Goyal

6He @ LPC (Paul trap)
8Li @ ANL (Paul trap)

6He @ ANL (MOT)
32Ar @ Texas A&M (Penning)

38mK @ TRIUMF (MOT)
n @ aSPECT

...

114In @ ISOLDE
6He @ LPC (bSTILED)
6He @ NSCL
...
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If 𝑑 ≠ 0 the process and its time 
reversed version are different.  

Violation of T Violation of CPCPT

>> PLAY >> << REWIND <<

෡𝐻 = −𝑑 ෠Ԧ𝜎 ⋅ 𝐸

EDMs: coupling between spin and E-field
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Smith, 
Purcell, 
Ramsey 

The neutron EDM is still zero

Best limit (nEDM@PSI) 
Abel et al, PRL 124, 081803 (2020)

𝑑𝑛 < 1.8 × 10−26 𝑒 cm

Design sensitivity range of 4 experiments 
n2EDM @PSI, panEDM @ILL, LANL EDM, tucan @TRIUMF

under construction now

Design sensitivity EDM@SNS, starting 2028 

Possible reach with present neutron sources

CKM background uncertain, possibly 10-31 e cm 
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Basics of nEDM measurement

2𝜋𝑓 =
2𝜇

ℏ
𝐵 ±

2𝑑

ℏ
|𝐸|

If 𝑑 = 10−26 𝑒 cm and 𝐸 = 11 kV/cm
one full turn in a time

𝜋ℏ

𝑑𝐸
= 𝟐𝟎𝟎 𝐝𝐚𝐲𝐬

Larmor frequency 
𝑓 = 30 Hz @ 𝐵 = 1 μT

To detect such a minuscule coupling
• Long interaction time
• High intensity/statistics
• Control the magnetic field
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• Long interaction time
• High intensity/statistics
• Control the magnetic field

Build colossal magnetic shields

• 6 layers of mu-metal
• Shielding factor 100,000

+ Use quantum magnetometry

Use Ultracold neutrons

nEDM chamber storing 
neutrons during 180s

Neutrons with velocity <5m/s (E<200neV) can 
undergo total reflection and be stored in 

material “bottles”
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Brod, Haich, Zupan, 1310.1385
Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020)

EDMs beyond the SM: modified Higgs couplings

Modified Higgs-fermion Yukawa 
coupling 

ℒ = −
𝑦𝑓

2
𝜅𝑓 ҧ𝑓𝑓ℎ + 𝑖 ǁ𝜅𝑓 ҧ𝑓𝛾5𝑓ℎ

CP

Generates EDM at 2 loops
Barr, Zee, PRL 65 (1990)



Lee-Yang operators: 
semileptonic, isospin changing

Isospin-diagonal, CPV operators
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Concluding view: hunt for forbidden couplings…

Observables

Nuclear Beta decay alphabet: 
a, b, A, B, D

EDMs of nucleons and atoms

෡𝐻 = −𝑑 ෠Ԧ𝜎 ⋅ 𝐸

EFT with 
nucleons, 
leptons and 
photons

−ℒEDM

=
1

2
𝑑𝑛 ത𝑛𝜎𝜇𝜈𝑖𝛾5𝑛 𝐹

𝜇𝜈

+
𝐺𝐹

2
𝐶𝑆
0 ത𝑛𝑛 ҧ𝑒𝑖𝛾5𝑒 +⋯

Beyond SM physics =
EFT with fundamental degrees of freedom: 

quarks & leptons, gauge, Higgs
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Thank you for your attention



Back up
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EDMs of diamagnetic atoms

Very stringent EDM limits of diamagnetic atoms with nuclear 

spin ½ : 

• Mercury-199: atom-light interaction permits super-precise 

monitoring of the spin precession

• Xenon-129: very long interaction times (many hours)

Due to electron shielding, nuclear EDMs do not generate 

atomic EDMs. 

Instead, atomic EDMs could be induced by

• T-violating e-N interactions

• A T-odd nuclear deformation (Schiff moment) 

→ generating an E field inside the nucleus

→ pulling the s electrons. 

→ atomic EDM

T-violating N-N interactions or nucleon EDM generate a nuclear 

Schiff moment, the effect is larger in heavy nuclei, and enhanced 

in octupole-deformed nuclei like radium-225.  
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Correlation measurements : WISArD
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▪ Decay rate for non polarized nuclei : e+

ne

Nuclear 
recoil

q

➭Best measurement aF at 0.45% 

= 1

= 0

Pure F transition  DJ=0 S=0 Pure GT transition  DJ=0 or 1 S=1

➭Best measurement aGT at < ~1% 

= -1/3

= 0

Gorelov, A. et al, Phys. Rev. Lett. 94, 1425 (2005)
Johnson, C.H. et al, Phys. Rev. 132, 1149 (1963)


