
Beta decay probing

weak interaction properties

TU Darmstadt, Sept. 3-5, 2018

Nathal Severijns

KU Leuven University, Belgium

Parts  4 - 6



Outline- 1

1. Introduction / 2 lectures

- role of beta decay in weak interaction physics

- beta decay Hamiltonian

- beta decay angular distribution

2. ft-values / 3 lectures

- definition

- corrected ft-values

- test of CKM matrix unitarity

- role of mirror beta transitions and neutron decay

3. Correlation measurements / 5 lectures 

- correlation formula

- physics content and opportunities

- testing parity violation

- searching for time reversal violation

- probing the structure of the weak interaction (scalar and tensor currents)



Outline - 2

4. Status of new physics searches / 1 lecture

- overview

- prospects and comparison to LHC

- weak magnetism

5. Beta spectrum shape / 1 lecture

- description 

- ongoing and planned experiments

6. Reactor neutrino anomaly / 1 lecture

- the problem (rate and bump)

- critical analysis

- searches for a fourth, sterile neutrino

- role of first-forbidden beta transitions
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4. Status of new physics searches

overview

comparison to LHC and prospects

weak magnetism

Nathal Severijns

KU Leuven Univ., Belgium
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b-decay Hamiltonian (Lee & Yang, 1956) :
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boson

Structure of the weak interaction in b decay



the  Standard Model:

*   V-A interaction CV  1;   CA =  -1.27 (CA/CV from n-decay)

*   maximal P violation CV
’ = CV &  CA

’ = CA

*   no S, T, or P components CS =  CS
’ = CT =  CT

’ = CP =  CP
’  0

*   no time reversal violation all C’s are real   

(except for the CP-violation included in the CKM matrix)

( '  ) ( '  )/   and  /  T A S VC C C C
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2

W
i

new

M
C

M
5% level            ~ 350 GeV

per mille level  ~  2.5 TeV

and  Beyond:

experimental upper limits for at few % level

(neutron and nuclear b-decay)

boson

Ci
(‘): coupling constants for the 

different types of weak interaction



Limits  on  scalar currents

32Ar:   Adelberger et al., PRL 83 (1999) 1299

B. R. Holstein, J. Phys. G 41 (2014) 114001
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Hardy & Towner , Phys. Rev. C 91 (2015) 025501

38mK:   Gorelov, Behr et al., PRL 94 (2005) 142501
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Limits  on tensor currents

A(60Co)

A(67Cu)

a(6He)

-b-n(8Li)

a(6He)
C. Johnston et al., 

PR 132 (1963) 1149

-b-n(8Li)
M.G. Sternberg, G.Savard et al.,  

PRL 115  (2015) 182501

A(60Co)
F. Wauters, N.S. et al., 

PR C 82 (2010) 055502

A(67Cu)
G. Soti, N.S. et al., 

PR C 90 (2014) 035502



Fenker, Behr, Melconian et al., PRL 120 (2018) 062502

unit

37K

Pb/A b

neutron

19Ne

10C/ 14O

pure GT



Status of new physics searches in beta decay

M. Gonzalez-Alonso, O. Naviliat-Cuncic, NS, in Prog. Part. Nucl. Phys. (2018) 

https://doi.org/10.1016/j.ppnp.2018.08.002    and   arXiv:1803.08732

New full analysis of all experimental data available in neutron and nuclear b decay

Data that were used in the fits (see arXiv:1803.08732 for details):

Note:  these are often weighted average values,
including results from several experiments
(see the reference above for more details).

arXiv:1803.08732



Data that were used in the fits (see arXiv:1803.08732 for details):



only Ft0+0+ Ft0+0+ and
neutron
 and A

Ft0+0+ and
all neutron
and nuclear
b decay

2/n 0.51 0.44 0.61 0.46 0.65

|CV| 0.98558(11) 0.98595(34) 0.98559(11) 0.98595(34)

CA /CV -1.27510(66) -1.2728(17)

CS /CV 0.0014(12) 0.0014(12)

CT /CV 0.0020(22)

type of fit  SM   general SM   general general 

reduction
of 

statistical 
uncertainty 

by 
up to 10%

Major results from the fits    (see arXiv:1803.08732 for details)

with |CV| = |Vud| (1+R)1/2 GF/        and R = 0.02361(38)𝟐
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M. Gonzalez-Alonso, O. Naviliat-Cuncic, N.S., in Prog. Part. Nucl. Phys. (2018) 
https://doi.org/10.1016/j.ppnp.2018.08.002    and arXiv:1803.08732



Major results from the fits    (see arXiv:1803.08732 for details)

Ft0+0+ and
neutron
 and A

2/n 0.44

|CV| 0.98595(34)           3.4 2

CA /CV -1.2728(17)           17 2

CS /CV 0.0014(12)           12 7

CT /CV 0.0020(22)           22 4

type of fit        general

present
uncertainty

x 10-4

projected
uncertainty

x 10-4

 0.8 s 0.1 s

an 3.6% 0.1%

present
uncertainty

projected
uncertainty

type of 
error and 
observable

0.8% 0.1%

0.5% 0.1%

aGT 0.9% 0.1%

bGT 0.01 0.001

nA

Fa

M. Gonzalez-Alonso, O. Naviliat-Cuncic, N.S., in Prog. Part. Nucl. Phys. (2018) 
https://doi.org/10.1016/j.ppnp.2018.08.002    and arXiv:1803.08732



Major results from the fits    (see arXiv:1803.08732 for details)

Ft0+0+ and
neutron
 and A

2/n 0.44

|CV| 0.98595(34)           3.4 2

CA /CV -1.2728(17)           17 2

CS /CV 0.0014(12)           12 7

CT /CV 0.0020(22)           22 4

type of fit        general

present
uncertainty
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projected
uncertainty
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3.50

S 0.60M 2.15  TeV



SM 3.0 TeV

 

T 0.55M 1.80  TeV 



SM 4.0 TeV

Note:  values below are
very approximative !!



T. Bhattacharya et al., Phys. Rev. D 85 (2012) 054512

V. Cirigliano, et al., J. High. Energ. Phys. 1302 (2013) 046

O. Naviliat-Cuncic and M. Gonzalez-Alonso, Annalen der Physik 525 (2013) 600

V. Cirigliano, et al., Progr. Part. Nucl. Phys. 71 (2013) 93

Precision measts in nuclear/neutron b decay in the LHC era

if particles that mediate new interactions are above threshold for LHC

 Effective Field Theory allowing 

direct comparison of low-energy and collider constraints

low-scale  O(1 GeV) effective Lagrangian for semi-leptonic transitions

(contributions from W-exchange diagrams and four-fermion operators) 

link betw. EFT couplings i and Lee-Yang nucleon-level effect. couplings Ci:

(0)
   with   ( ),  4 ( ),  ...
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i ud i S S S S T T T T

G
C V C C g C g       

(0)2 2 1/2

3

,   /    with    = (2 2  ) 170 GeV

if  5 TeV   10

i i BSM F

BSM i

G  n n







  

 



Measurements in nuclear/neutron b decay in the LHC era

90% CL

- current status of beta decays; 
- LHC

at 8 TeV, 20 fb-1.

Prospects for:
- 0.1 s on neutron lifetime
- 0.1 % for An, an, aF and aGT

- abs.unc. of 0.001 on bGT

- LHC:  14 TeV, 300 fb-1.

Today Prospect

see also:

V. Cirigliano et al., J. High. Energ. Phys. 1302 (2013) 046

O. Naviliat-Cuncic and M. Gonzalez-Alonso, Annalen der Physik 525 (2013) 600

S, T related to CS, CT



M. Gonzalez-Alonso, O. Naviliat-Cuncic, N.S., in Prog. Part. Nucl. Phys. (2018) 
https://doi.org/10.1016/j.ppnp.2018.08.002    and arXiv:1803.08732



Table 3, continued

M. Gonzalez-Alonso, O. Naviliat-Cuncic, N.S., in Prog. Part. Nucl. Phys. (2018) 
https://doi.org/10.1016/j.ppnp.2018.08.002    and arXiv:1803.08732



Taking into account effects of strong interaction

quark involved in β decay is not free 

but bound in a nucleon

 extra terms induced by the strong interaction,

in addition to those related to F and GT matrix elements;

largest is ‘weak magnetism’ term

‘weak magnetism’ term:

- modifies values for correlation coefficients at level of per mille to 1%

 important for correlation measurements at sub-percent level



weak magnetism term bWM (Impulse Approximation)

A: mass of nucleus

gM: weak magn. coupl. const. = 4.706 (= p - n)

gV: vector coupl. const. = 1

gA: axial-vector coupl. const. = 1.00 (quenched)

B. R. Holstein, RMP 46 (1974) 789   - F.P. Calaprice et al., PR C 15 (1977) 2178

 ( )WM M GT V Lb A g M g M 

A GTc g M

WM VM L
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(Impulse approximation neglects interactions with neighboring nucleons)



weak magnetism for T = 1/2   J
 J mirror b transitions
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e.g.  F.P. Calaprice and B.R. Holstein 

Nucl. Phys. A 273 (1976) 301

N. Severijns, I.S. Towner et al.,

Phys. Rev. C 78 (2008) 055501

19 19

10 9 9 10e.g.    eNe F e n

  from  -value :A GTc g M Ft

(based on CVC)

b

Ac
observables usually expressed in terms of 



weak magnetism term bWM - T=1/2 mirror transitions

1

4

3

       = 0.8(4)% MeV

n

dN b

dE M Ac





N. Severijns, L. Hayen, I.S. Towner, et al.,  to be published 

- updated Ft-values (A < 75; rel. prec. < 0.2% up to A < 41)

- extracted weak magnetism form factor  

j = ℓ - 1/2

j = ℓ + 1/2

mirror b transitions - results



N. Severijns, L. Hayen, I.S. Towner, et al.,  to be published 
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b
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M
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c
mirror b transitions - results

WM mother daughterb   
the value of bWM/Ac

depends on the

shell-model orbital

of the odd-particle, 

and is large for

shells with j = ℓ + 1/2:

and small for

shells with j = ℓ + 1/2:

(this is related to the

Schmidt values)

error bars are smaller than size of dots



------------------------------------------------

mirror (A = 3-45)         0.97(11)

triplet (A = 6-30) 1.01(15)WM VM L

A A GT

b gg M

Ac g g M

 
  
 

B. R. Holstein, RMP 46 (1974) 789

F.P. Calaprice et al., PR C 15 (1977) 2178

avg = 0.96(8)

avg = 1.01(25)

(impulse 

approx.)

N. S., I.S. Towner, L. Hayen et al.,

to be published 

mirror b transitions – comparison with theory



for mirror decays

up to mass 45

N. S., L. Hayen,  I.S. Towner et al.,

to be published 

mirror b transitions – comparison with theory



  from   -value:A GTc g M ft

WM

weak magnetism bWM - triplet states
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error bars: 0.1 – 1.0
N. Severijns et al., in preparation
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5. Beta spectrum shape

Nathal Severijns

KU Leuven Univ., Belgium
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precise b-spectrum shape measurements:

bFierz :   scalar / tensor weak currents

bWM :   weak magnetism  (Standard Model term)

- induced by strong interaction because decaying quark is

not free but bound in a nucleon;

- is to be known better when reaching sub-percent precisions

Note the different energy dependence of both effects !!

'1
  ( , ) 1  k     F Fierz WMd G F Z E b k E b

E
b

b

 
    

  

b spectrum shape measurements



with



M. Gonzalez-Alonso, O. Naviliat-Cuncic

Phys. Rev. C 94 (2016) 035506

Kinematic sensitivity to the Fierz term of beta decay differential spectra



e+

n
e

nucleus
q

Analytical description + code, accurate to few 10-4 level
L. Hayen, N.S. et al., Rev. Mod. Phys. 90 (2018) 015008

description of b spectrum shape



multi-wire drift chamber

scintillator (later DSSDD)

1.  miniBETA spectrometer   
Leuven / Krakow



two 2 mm segmented Si detectors in B- field, replacing UCNA  MWPCs

- data in May 2017

- analysis ongoing

2 mm Si45Ca   

2.  double-Si spectrometer   
Leuven / LANL, A. Young



[Run182-segs:0,1-Ew:500-2500]

6He decay

[Run145-segs:0,1,2-Tw:550-850]

Pile-up 

fraction 

<1.8x10-3

Electron kinetic energy (chan)

• Long term goal: Measure the Fierz interference term

(b) in 6He, 20F decay to search for weak tensor currents.

• Current goal: measure the weak magnetism (WM) 

form factor in 6He, 20F decay for a tests of the strong 

form of CVC. The WM is the largest "hadronic SM 

background" in a measurement of b.

Effect of weak magnetism
(Monte-Carlo simulation)

2×107 events• Principle: use a fragmented 
separated beam to eliminate 
distortions in beta spectrum 
due to back-scattering, out-
scattering or dead-layers.

6He

46 MeV/A

Experiment at NSCL range of b

particles

radioactive 
6He source

single detector (NaI, CsI) 

2%

X. Huyan, O. Naviliat-Cuncic et al., Hyp. Interact 237 (2016) 93

3.  Beta energy spectrum shape in 6He decay  

NSCL/MSU



X. Mougeot et al., PR A 86 (2012) 042506  and  PR A 90 (2014) 012501

4.  microcalorimeter measurements  
(CEA-Saclay)



E.A. George et al., PR C 90 (2014) 065501  and  G.W. Severin PR C 89 (2014) 057302

14O and 66Ga

5.  superconduct. b spectrometer 
Univ. Wisconsin-Madison  
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6. Solving the 
Reactor Antineutrino 

Problem(s)?

Nathal Severijns

KU Leuven Univ., Belgium
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use inverse beta decay in water doped with Gd



courtesy Daya Bay Collaboration  (NEUTRINO2018, Heidelberg)



Problem 1:

Abolute antineutrino flux:  exp. 7% lower than theory
(observed with ALL neutrino detectors at 10 - 100 m from a reactor core)

can be explained

by assuming a

4th, sterile

neutrino with

mass  1 eV



courtesy RENO Collaboration  (NEUTRINO2018, Heidelberg)

courtesy

Problem 2:

Clear excess in counts at ~5 MeV compared to theory
(observed at Daya Bay (China), RENO (Sth.Korea), Double Chooz (France))



courtesy PROSPECT Collaboration  (NEUTRINO2018, Heidelberg)

To the ‘rate’ problem

dedicated neutrino

detectors at 5 to 10 m

from reactor core 

at several locations;

e.g. 

PROSPECT (USA),

DANSSE (Russia),

SOLID (Belgium).

…

First results:

PROSPECT (33 days)

disfavours 4-neutrino

scenario by 2.3.

Results from other 

experiments to come. 



Problems:

1.  rate deficit of about 7% in observed vs. predicted antineutrino rate  

in ‘near’ detectors (at d = 10 – 100 m from core)  - requires 4th, sterile n !!

2.  energy spectrum exp/theo has a bump in 4 to 7 MeV region

Difficulty:  theory depends on knowledge of ~8000 (forbidden) b decays: HARD!

BUT:  forbidden decays dominate
in most of experimental range

(account for ~80% in bump region!)  

Action:  used Shell Model to calculate
29 dominant forbidden transitions      

(not approximating them as 
allowed anymore)

The Reactor Antineutrino Problems



L. Hayen, J. Kostensalo, N. Severijns, J. Suhonen, arXiv:1805.12259

Change of electron and antineutrino
spectra for forbidden transitions in

comparison to the Huber-Mueller model.



L. Hayen, J. Kostensalo, N. Severijns, J. Suhonen, arXiv:1805.12259

(account for about 60 % 
of rate in bump region !)


