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Outline

• Search for Exotic Weak Scalar Couplings

• Angular correlation measurement
• Why 32Ar ?
• The WISArD set-up
• Status and prospective

• Beta spectrum shape measurement
• Fierz term and weak magnetism
• Status and prospective at WISArD

June 24 2024 Conseil Scientifique IN2P3 1

2030 Roadmap Science Drivers 
Pursue searches for unknown particles and 
interactions (New Phenomena) 



Beta decay and the Standard Model

• Ft values

• b spectrum shape

• Correlation coefficients
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Nuclear b decay • CVC hypothesis
• CKM matrix unitarity

• Exotic currents

• CP violation
• ...

Weak interaction
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Exotic currents in beta decay 
• Nucleon beta decay : Lee & Yang (1956)
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SM “V-A” structure

Exotic couplings : S and T
                              P omitted  
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Bridging the gap between the HE and HP frontiers
• Global analysis of nuclear beta decay observables

Ft values, correlation coefficients... of nuclear pure Fermi decays, mirror transitions and neutron decay
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Figure 3. 90% CL constraints on scalar and tensor coefficients obtained from beta decays in this
work (solid black line) and from LHC data (dashed blue and dotted red lines) [22]. We stress here
again that ϵT is defined in this work with a different normalization (by a factor of 4) than in ref. [22].

that precision measurements of beta decays can effectively probe similarly high scales as
the LHC, even though they involve merely MeV energy transfers!

To close this subsection, we come back to the comparison of the constraining power
of the mirror transitions 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, ϵS , ϵT ,
together with the six relevant mixing ratios ρ. This shows that the mirror transitions can
potentially play an important role in probing new physics beyond the SM, in addition to
measuring the CKM element Vud within the SM scenario. However, much as in the SM case,
the impact of the mirror transitions is currently limited in the scenario with only left-handed
neutrinos. As anticipated above, the reason is that V̂ud, ϵS , ϵT are already well constrained
by a combination of superallowed and neutron data, without leaving flat directions in the
parameter space. Compared to the superallowed and neutron data, the uncertainties of
correlation measurements in mirror transitions is still too large by a factor of few, therefore
mirror data does not improve the constraints in this scenario. Still, 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 systematics.

4.3 Non-standard interactions involving left- and right-handed neutrinos

Finally, we discuss the constraints on the Wilson coefficients of the Lee-Yang Lagrangian in
eq. (2.2) when all of them are allowed to be simultaneously present. In particular, the Wil-

– 20 –

M. González-Alonso, O. Naviliat-Cuncic, N. Severijns Prog. Part. Nucl. Phys. (2019)
A. Falkowski, M. González-Alonso, O. Naviliat-Cuncic JHEP04 (2021)

M. González-Alonso et al. / Progress in Particle and Nuclear Physics 104 (2019) 165–223 215

Fig. 14. (Left) 90%CL constraints on ✏S,T atµ = 2GeV from�-decay data, cf. Eq. (87),with��2 = 4.61, (black ellipse), from the analysis of pp ! e+MET+X
at the 8-TeV LHC (20 fb�1) [12] (blue ellipse), and from radiative pion decay, cf. Eq. (118) [23] (orange band). The green band shows the 90% CL bound
(��2 = 2.71) using only superallowed Fermi decays. (Right) Same figure but using projected �-decay data, cf. Eq. (100) (black) and projected LHC bounds
from pp ! e + MET + X searches with 14 TeV and 300 fb�1 [23] (blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Requiring that the leading logarithmic part of the 2-loop correction is not larger than current bounds on the neutrino mass,
the following bounds were found [13]

|✏̃L| . 10�2 , (129)

|✏̃S ± ✏̃P | . 2 ⇥ 10�3 , (130)

|✏̃T | . 0.5 ⇥ 10�3 , (131)

where µ = 1 TeV was used as the initial running scale. The bounds on scalar and tensor interactions are about 3 times
stronger than those derived from LHC data in Eqs. (121)–(122) and orders of magnitude stronger than those from � decay,
cf. Section 4.5. The bound on the pseudoscalar coupling is also 3 times stronger than the LHC one, but still weaker than that
from pion decay, cf. Eq. (114). Finally, the neutrino-mass considerations above offer a valuable alternative probe for the ✏̃L
coupling, which can also be accessed through CKM unitarity, but with slightly less accuracy, cf. Eq. (79).

5.5. Electric dipole moments

It can be shown that in the SMEFT framework, the samedimension-6 effective operators generating CP-violating effects in
� decay would also generate at tree- or one-loop-level a non-zero nuclear and neutron Electric Dipole Moment (EDM) [473].
As a result one can translate the stringent EDM bounds [474] in indirect limits on the �-decay CP-violating coefficients, such
as D or R, which are two orders of magnitudes stronger than their direct limits from �-decay measurements [13]. This takes
into account the calculation of Ref. [475] that relaxed the EDM bound by an order of magnitude with respect to Ref. [473].

In principle, these indirect bounds can be avoided through a fine-tuned cancellation with additional dimension-6
operators contributing to the EDMs, or using dimension-8 operators. The precise realization in specific models is however
nontrivial, as shown for instance for leptoquark models, where the connection with EDMs is still present, although the
indirect bounds can be relaxed in this case [473]. Finally, the EDM bounds can be avoided abandoning altogether the SMEFT
framework, introducing for example light new particles. Thus, current measurements of CP-violating coefficients in � decay
can be considered as probes of the SMEFT framework itself, or at least its simpler realizations where large fine-tunings are
not considered. A recent and detailed review of the connection between EDMs and �-decay measurements is presented in
Ref. [13].

6. Conclusions

We have reviewed the role of precision measurements in nuclear and neutron � decay, as useful tools to improve
our understanding of fundamental interactions. Transitions with small nuclear-structure uncertainties (or none in neutron
decay) are used to learn about QCD, to extract the values of fundamental SM parameters such as Vud, and to search for new
physics.

First, we have introduced the theoretical formalism that describes � decay at the elementary level with special attention
to the latest developments, such as the precise calculations of the hadronic charges in the lattice, or the SMEFT framework

pp → e + MET + X
14 TeV 300fb-1
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FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.
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Angular correlation measurement
• Beta decay distribution for unpolarized nuclei : integrating over J
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Angular correlation measurement
• Beta decay distribution for unpolarized nuclei : integrating over J

• Angular correlation measurement = recoil measurement
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The selection rules

Fermi � decay

In the Fermi decay mode the conservation of angular momentum
requires that the spin of the baryons to point in the same direction
before and after the decay.

ν

e−

S=0

n p

Fermi decay
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➭ precision level : 0.48%

ã = 0.9981(48)
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FIG. 1. Simplified 32Ar decay scheme. Only relevant transitions
discussed in the present paper are indicated.

ãβν can thus be inferred either from a direct measurement
of the daughter nucleus recoil energy [4–8] or by observ-
ing secondary particles emitted after the decay [9–13]. Both
techniques yield similar constraints on exotic couplings with
#ãβν ≈ 5 × 10−3 for pure F transitions [5,11], and #ãβν ≈
3 × 10−3 for pure GT ones [4,13]. Ongoing experimental
programs aim today at precision levels of 10−3 and below
[14–20].

The present project targets a similar goal by improving by
a factor five or more the most precise results previously ob-
tained from the recoil energy broadening of β-delayed protons
in the decay of 32Ar towards its isobaric analog state in 32Cl
[11,21,22]. Figure 1 shows the simplified decay scheme of
32Ar where the 0+ → 0+ and the pure Gamow-Teller tran-
sitions of interest are indicated. Instead of a broadening, the
present experiment, called WISArD (weak-interaction studies
with 32Ar decay), measures the kinetic-energy shift of protons
emitted in parallel or antiparallel directions with respect to
the positron. This β-proton coincidence technique drastically
reduces the influence of the proton detector response function
and of the intrinsic proton peak shape. It also increases the
statistical sensitivity on ãβν : Monte Carlo simulations of the
experiment with the present setup show that the statistical
uncertainty on ãβν is reduced by a factor ≈2.5 when using
the proton peak energy shift technique instead of the peak
broadening technique. The effective gain in sensitivity should
be even higher because this factor was obtained assuming a
perfectly known proton detector response function. In real
experiments, the uncertainty on the detector response function
would affect significantly the precision for a broadening mea-
surement, but not for a shift measurement. Moreover, this new
technique allows simultaneous measurements with β-delayed
protons resulting from both pure F and pure GT transitions
of the 32Ar nucleus (Fig. 1). Note that a similar approach
is currently undertaken by the TAMUTRAP experiment [16]
using a Penning trap to confine radioactive ions.

II. EXPERIMENT

While a dedicated setup for WISArD is still under devel-
opment, a proof of principle experiment was performed at

FIG. 2. Schematic of the detection setup (see text for details).
Only four silicon detectors are visible on this sectional view. The
energy difference between protons emitted in the same hemisphere
as the β particle (red) and those emitted in the opposite one (purple)
is a function of ãβν .

ISOLDE-CERN with equipment and detectors readily avail-
able and the details of which will be presented separately [23].
The detection setup, shown in Fig. 2, is installed in the vertical
superconducting solenoid of the former WITCH experiment
[8]. It comprises eight 300-µm-thick silicon detectors with
effective diameter φ = 30 mm for protons and a φ = 20 mm,
L = 50 mm plastic scintillator coupled to a silicon photo-
multiplier for positron detection. The 30 keV 32Ar+ ions
from ISOLDE are implanted on an about 7-µm-thick φ =
15 mm mylar catcher at the center of the setup. Positrons
emitted in the upper hemisphere are confined by a 4 T vertical
magnetic field and guided towards the plastic scintillator with
an efficiency close to 100%. For protons, the total detection
efficiency is about 8% due to the solid angle. The four upper
silicon detectors, labeled Si1U to Si4U, are located 65.5 mm
above the catcher and the four lower ones, labeled Si1D to
Si4D, are mounted in a mirrored configuration below the
catcher. For protons of a few MeV, the energy resolution of the
detectors ranges from 25 to 45 keV (FWHM). All detectors,
including the scintillator, were read out by the FASTER data-
acquisition system [24]. During an effective beam time of 35
hours, ≈105 proton-positron coincidences were collected for
the superallowed 0+ → 0+ transition, which corresponds to
an implantation rate of ≈100 pps. Ion transmission in the
beamline was only about 12% due to the inadequate existing
beam optics. 32Ar+ ions were produced by a 1.4 GeV proton
beam with a mean intensity of 1.4 µA driven by the CERN
Proton Synchrotron Booster and impinging on a CaO target.
Ions extracted from the Versatile Arc Discharge Ion Source
(VADIS) were then mass selected using the ISOLDE high-
resolution mass separator. The average 32Ar+ production yield
was estimated to be ≈1700 pps, more than a factor two below
the ISOLDE standard capability [25]. With the nominal ion
production yield and an improved beam transmission, the
present 32Ar+ implantation rate can thus be increased by more
than one order of magnitude in future experiments.

055501-2

Why 32Ar ?
• b-delayed proton emission in 32Ar

• Fermi 0+ ⟶ 0+ transition from GS to IAS
• Recoil ~640 eV
• Beta delayed p emission IAS ~3.35 MeV
• IAS : G ~ 20 eV ⬄ T1/2 ~ 10-17 s

➭ p emission in flight from the recoil
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FIG. 1. Simplified 32Ar decay scheme. Only relevant transitions
discussed in the present paper are indicated.
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techniques yield similar constraints on exotic couplings with
#ãβν ≈ 5 × 10−3 for pure F transitions [5,11], and #ãβν ≈
3 × 10−3 for pure GT ones [4,13]. Ongoing experimental
programs aim today at precision levels of 10−3 and below
[14–20].

The present project targets a similar goal by improving by
a factor five or more the most precise results previously ob-
tained from the recoil energy broadening of β-delayed protons
in the decay of 32Ar towards its isobaric analog state in 32Cl
[11,21,22]. Figure 1 shows the simplified decay scheme of
32Ar where the 0+ → 0+ and the pure Gamow-Teller tran-
sitions of interest are indicated. Instead of a broadening, the
present experiment, called WISArD (weak-interaction studies
with 32Ar decay), measures the kinetic-energy shift of protons
emitted in parallel or antiparallel directions with respect to
the positron. This β-proton coincidence technique drastically
reduces the influence of the proton detector response function
and of the intrinsic proton peak shape. It also increases the
statistical sensitivity on ãβν : Monte Carlo simulations of the
experiment with the present setup show that the statistical
uncertainty on ãβν is reduced by a factor ≈2.5 when using
the proton peak energy shift technique instead of the peak
broadening technique. The effective gain in sensitivity should
be even higher because this factor was obtained assuming a
perfectly known proton detector response function. In real
experiments, the uncertainty on the detector response function
would affect significantly the precision for a broadening mea-
surement, but not for a shift measurement. Moreover, this new
technique allows simultaneous measurements with β-delayed
protons resulting from both pure F and pure GT transitions
of the 32Ar nucleus (Fig. 1). Note that a similar approach
is currently undertaken by the TAMUTRAP experiment [16]
using a Penning trap to confine radioactive ions.

II. EXPERIMENT

While a dedicated setup for WISArD is still under devel-
opment, a proof of principle experiment was performed at

FIG. 2. Schematic of the detection setup (see text for details).
Only four silicon detectors are visible on this sectional view. The
energy difference between protons emitted in the same hemisphere
as the β particle (red) and those emitted in the opposite one (purple)
is a function of ãβν .

ISOLDE-CERN with equipment and detectors readily avail-
able and the details of which will be presented separately [23].
The detection setup, shown in Fig. 2, is installed in the vertical
superconducting solenoid of the former WITCH experiment
[8]. It comprises eight 300-µm-thick silicon detectors with
effective diameter φ = 30 mm for protons and a φ = 20 mm,
L = 50 mm plastic scintillator coupled to a silicon photo-
multiplier for positron detection. The 30 keV 32Ar+ ions
from ISOLDE are implanted on an about 7-µm-thick φ =
15 mm mylar catcher at the center of the setup. Positrons
emitted in the upper hemisphere are confined by a 4 T vertical
magnetic field and guided towards the plastic scintillator with
an efficiency close to 100%. For protons, the total detection
efficiency is about 8% due to the solid angle. The four upper
silicon detectors, labeled Si1U to Si4U, are located 65.5 mm
above the catcher and the four lower ones, labeled Si1D to
Si4D, are mounted in a mirrored configuration below the
catcher. For protons of a few MeV, the energy resolution of the
detectors ranges from 25 to 45 keV (FWHM). All detectors,
including the scintillator, were read out by the FASTER data-
acquisition system [24]. During an effective beam time of 35
hours, ≈105 proton-positron coincidences were collected for
the superallowed 0+ → 0+ transition, which corresponds to
an implantation rate of ≈100 pps. Ion transmission in the
beamline was only about 12% due to the inadequate existing
beam optics. 32Ar+ ions were produced by a 1.4 GeV proton
beam with a mean intensity of 1.4 µA driven by the CERN
Proton Synchrotron Booster and impinging on a CaO target.
Ions extracted from the Versatile Arc Discharge Ion Source
(VADIS) were then mass selected using the ISOLDE high-
resolution mass separator. The average 32Ar+ production yield
was estimated to be ≈1700 pps, more than a factor two below
the ISOLDE standard capability [25]. With the nominal ion
production yield and an improved beam transmission, the
present 32Ar+ implantation rate can thus be increased by more
than one order of magnitude in future experiments.
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• Beta delayed p emission IAS ~3.35 MeV
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Scalar SM
Vector

• kinematic broadening of the delayed proton spectrum

• High resolution proton detectors
• High statistics



Broadening Measurements
• Cooled Si detectors

    

• Cooled p-i-n diodes 
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Sensitivity to b is not 
discussed
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FIG. 2. Fit (upper panel) and residuals (lower panel) of the
01 ! 01 delayed proton peak. This spectrum (the sum of
detector 2 data in reflection geometry) contains roughly 1!4 of
our data. The energy scale is 0.500 keV!channel. The pulser
peak shows the electronic resolution. The Breit-Wigner tail
from the 20 eV daughter width is visible on the high-energy
side of the peak.

Data were taken over a period of 12 days under several
different conditions: with the stopper foil at 45±, 135±,
225±, and 315± with respect to the beam axis, and for two
different beam tunes. These produced six different spectra
for each of the two counters. We continually alternated
between "2 h long 32Ar runs and 5–15 min long 33Ar
runs that provided energy calibrations for the 32Ar data.
The 32Ar and 33Ar beam intensities on target, averaged
over the entire run, were 94 and 3900 ions!s.
We computed the intrinsic proton shapes using Monte

Carlo routines to generate b-decay events distributed
according to Eq. (2) with

En !
#Em 2 E$

1 1 # p cosuen 2 E$!Mi
, Em ! D 2 Tmax .

(8)
The Fermi function for a screened, finite-sized nuclear
charge was interpolated from Tables II and III of Ref. [15],
and Glück’s [16] order-a radiative correction to the energy
distribution of recoiling 32Cl nuclei was applied. A pre-
dicted [17] 6.7 3 1024 electron-capture branch was also
included. Protons were ejected isotropically in the 32Cl
frame and deflected by the magnetic field; the mean energy
losses of individual protons in the stopper foil and detector
dead layer (roughly 1.5 and 1.8 keV, respectively) were
computed. The stopper foil thickness was deduced from
the energy loss of 3183 keV 148Gd a’s in the foil, while
the implantation profile of Ar ions in the foil was com-
puted with TRIM [18]. The detector dead layer thicknesses,
23.4 6 0.4 and 21.6 6 0.7 mg!cm2, were measured by
inserting into the apparatus a jig that allowed the 148Gd

source to be moved along an arc centered on one of the
p-i-n detectors. The dead-layer loss varied as the secant
of the angle while the energy loss in the source was essen-
tially constant because the a source was always perpen-
dicular to the line of sight to the detector.
We evaluated the intrinsic proton shape at 961 points on

a C̃S-C̃0
S grid. The intrinsic shapes plus a small, flat back-

ground were convoluted with a proton detector response
function consisting of two low-energy exponential tails
folded with a Gaussian. This functional form gave a good
parametrization of a “first-principles” calculation of the re-
sponse function that included the effects of pulser reso-
lution, the Fano factor, electronic and nuclear straggling
in the stopper foil and detector dead layer, escape of Si
x rays, and energy loss to phonon excitations of the detec-
tor. We fitted our six pairs of delayed-proton spectra by
varying the response function parameters (Gaussian width,
tail lengths, and fractional areas) to minimize x2 for each
C̃S , C̃0

S point. Figure 2 displays the quality of the fits. Fig-
ure 3 shows that the extracted line shape agreed well with
the first-principles calculation. Fits were made for a series
of values of G, the natural width of the daughter. There
was essentially no correlation between G and C̃S and C̃0

S ,
and we found G ! 20 6 10 eV.
Figure 4 shows constraints on C̃S and C̃0

S from this
work and from Refs. [19–23]. The annular shapes of
our constraints arise from the Fierz interference term in
Eq. (2). Our C̃S-C̃0

S constraints may be parametrized as

ã % !#1 1 0.1913b$

! 0.9989 6 0.0052#stat$ 6 0.0039#syst$68% C.L.,

(9)

where a and b are given in Eqs. (3) and (4) with &m!p' !
0.21. Note that ã, unlike a, does not have an upper bound
of 11, so the range spanned by our experimental 2s error
band lies entirely within the physical region. If one were
to add a c3T3

3 term to the IMME the systematic error
would grow to 0.0069.

FIG. 3. Comparison of the detector response function ex-
tracted from the data in Fig. 2 to the “first-principles” calcu-
lation described in the text.

1301

• 32Ar beam at ISOLDE (60 keV)
• 9x9 mm2 cooled p-i-n diodes

 ~3 keV FWHM (pulser)
• 3.5 T magnetic field

ã = 0.9989(52)stat(39)syst
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➭ precision level : 0.65%

a = 1.00(8)

<latexit sha1_base64="KlMKiNI/xnzvY6shPgT4SEXBYXk=">AAAB8nicbZDLSgMxFIbPeK31VnXpJliEuikzUrEboejGZQV7gelQMmnahmaSIckIZehjuHGhiFufxp1vY6adhbb+EPj4zznknD+MOdPGdb+dtfWNza3twk5xd2//4LB0dNzWMlGEtojkUnVDrClngrYMM5x2Y0VxFHLaCSd3Wb3zRJVmUjyaaUyDCI8EGzKCjbX8FM9uvKrrVuoX/VLZtZQJrYKXQxlyNfulr95AkiSiwhCOtfY9NzZBipVhhNNZsZdoGmMywSPqWxQ4ojpI5yvP0Ll1BmgolX3CoLn7eyLFkdbTKLSdETZjvVzLzP9qfmKG9SBlIk4MFWTx0TDhyEiU3Y8GTFFi+NQCJorZXREZY4WJsSkVbQje8smr0L6serXq1UOt3LjN4yjAKZxBBTy4hgbcQxNaQEDCM7zCm2OcF+fd+Vi0rjn5zAn8kfP5Aw6zj84=</latexit>

D.Schardt, K. Riisager ZPA 345 265 (1993)

E. G. Adelberger et al. Phys. Rev. Lett. 83 (1999)
A. Garcia et al, Hyperfine Interact. 129 237 (2000) 

↵ = 0.210

<latexit sha1_base64="9HP6Ypm0j7RW3Hpv/9mQQtL2J5w=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInpbdENGLEPTiMYKJgWQJvZPZZMjsg5lZIYZ8iRcPinj1U7z5N06SPWhiQUNR1U13V5AKrrTrfluFtfWNza3idmlnd2+/bB8ctlSSScqaNBGJbAeomOAxa2quBWunkmEUCPYQjG5m/sMjk4on8b0ep8yPcBDzkFPURurZ5S6KdIjkihDXqXpuz664jjsHWSVeTiqQo9Gzv7r9hGYRizUVqFTHc1PtT1BqTgWblrqZYinSEQ5Yx9AYI6b8yfzwKTk1Sp+EiTQVazJXf09MMFJqHAWmM0I9VMveTPzP62Q6vPQnPE4zzWK6WBRmguiEzFIgfS4Z1WJsCFLJza2EDlEi1SarkgnBW355lbSqjldzzu9qlfp1HkcRjuEEzsCDC6jDLTSgCRQyeIZXeLOerBfr3fpYtBasfOYI/sD6/AHJRJE5</latexit>



Si UP

Si DOWN

32Ar beam

SiPM

p
b+

B

Kinematic shift measurement : WISArD
• b-p coincidence measurement

• Strong magnetic field
• Catcher foil 
• 2 symmetrical p detectors 
 high resolution
 high solid angle
• Beta detector
 low detection threshold

• Kinematic shift

• Differential measurement
• Less sensitive to noise
• Less sensitive to the detector response functions 
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WISArD at ISOLDE experimental hall
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Target area



WISArD set-up
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WISArD set-up
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WISArD set-up
• Proof-of-Principle Experiment - 2018
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 Seminarium ZFJ FUW

25th March 2021

Proof of principle experiment 

● Performed soon before LS2

● Used whatever hardware 
was on the shelf

● Only around 35h of beam

● Results published:
V. Araujo-Escalona et al. 
PHYSICAL REVIEW C 101, 
055501 (2020)

catcher
Al-mylar 6.7(1) µm

beta detector 
plastic scintillator + 1 SiPM 6x6 mm2 Hammamatsu

p detector planes 
2 x 4 Si surface barrier 300 µm
Dead layer ~ 430 (300) nm
Resolution ~ 35 keV

+ FASTER DAQ

in B = 4 T 
(WITCH magnet)

V. Araujo-Escalona et al. Phys. Rev. C 101 (2020)



WISArD set-up
• Proof-of-Principle Experiment - 2018

June 24 2024 Conseil Scientifique IN2P3 26

 Seminarium ZFJ FUW

25th March 2021

Proof of principle experiment 

● Performed soon before LS2

● Used whatever hardware 
was on the shelf

● Only around 35h of beam

● Results published:
V. Araujo-Escalona et al. 
PHYSICAL REVIEW C 101, 
055501 (2020)

catcher
Al-mylar 6.7(1) µm

beta detector 
plastic scintillator + 1 SiPM 6x6 mm2 Hammamatsu

p detector planes 
2 x 4 Si surface barrier 300 µm
Dead layer ~ 430 (300) nm
Resolution ~ 35 keV

+ FASTER DAQ

in B = 4 T 
(WITCH magnet)

V. Araujo-Escalona et al. Phys. Rev. C 101 (2020)

V. ARAUJO-ESCALONA et al. PHYSICAL REVIEW C 101, 055501 (2020)

FIG. 4. (a) Proton energy spectrum versus Tdiff for one of the upper detectors. The energy selection window is indicated by dashed lines.
(b) Tdiff spectrum for the selected events of panel (a). The coincidence selection window is given by the vertical dashed lines. (c), (d) Proton
energy of the superallowed transition for coincidences (red) and singles (black) obtained for one upper and one lower detector. The Gaussian
fits are to guide the eye.

arising when all emission angles are allowed for the β particle.
For each peak, the mean energies E coinc (for coincidences)
and E single (for singles) were determined by using an iterative
procedure by selecting events within a 100 keV window cen-
tered on the mean energy obtained in the previous step. This
method was favored compared with the use of fits because it
does not require any knowledge of the exact detector response
function and does not depend on the shape of the intrinsic
proton energy distribution in the center of mass. To limit
the influence of calibration imperfections, the mean energy
shifts of coincidences were determined individually for each
detector by using data from singles as a reference. Since
the energy loss in the detector dead layer and in the catcher
depends on the incident-proton energy, it is slightly different
for coincidences and singles. Measured energy shifts for the
3356 keV protons of the F transition were thus all corrected
from a small increase of δElower = 0.007(5) keV (for lower
detectors) and of δEupper = 0.099(7) keV (for upper detectors)
determined by using the pstar NIST data base.

The mean kinetic-energy shifts E shift = |E coinc − E single| −
δEupper and E shift = |E coinc − E single| − δElower obtained for all
detectors in the superallowed transition are given in Fig. 5
(red circles), with error bars corresponding to statistical un-
certainties only. The same analysis procedure was also applied
to the set of events from one of the pure GT transitions
of the 32Ar decay with 2123 keV proton emission (black
squares). The resulting weighted average energy shifts are
4.49(3) and 3.05(9) keV for the F transition and for the GT

transition, respectively, with associated reduced χ2 and p
values showing a good compatibility of the results obtained
with eight different detectors.

IV. SIMULATIONS

Despite the relative simplicity of the setup, the relationship
between the mean kinetic-energy shift E shift and the value
of ãβν can only be precisely established by using Monte

FIG. 5. Proton mean kinetic-energy shifts (absolute values) and
associated statistical errors obtained with the upper and lower de-
tectors for the 3356 keV protons from F decay (red circles) and the
2123 keV protons from GT decay (black squares). Weighted averages
and statistical uncertainties are indicated by solid and dashed lines,
respectively.
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Eshift = 4.49(3) keV
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35h beam time
Ncoinc ~ 105

➭ precision level : 4%

↵ = 0.34
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First result
• Full account of systematic uncertainties
• World’s 3rd best result
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(⇥10�3)
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Upgrade 2019-2021
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Upgrade 2019-2021
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MCP
Beam scan image 32Ar Beam

Ø ~4mm

collimator
F ~ 6 mm
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Ø ~4mm

catcher
Al-Mylar 0.6 & 6 µm
a source 208Po

collimator
F ~ 6 mm
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MCP
Beam scan image 32Ar Beam

Ø ~4mm

catcher
Al-Mylar 0.6 & 6 µm
a source 208Po

collimator
F ~ 6 mm

Beta detector
3x3 array of 6x6 mm2 SiPM

F ~ 3 cm
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Upgrade 2019-2021

Proton detectors
• 2x4 300µm thick DSSD 
• Dead layer ~ 100 nm (AIFIRA)
• Resolution ~ 10 keV FWHM (AIFIRA)
• 57% solid angle
• ~90° incident angle
• Copper cooling system -23°C
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MCP
Beam scan image 32Ar Beam

Ø ~4mm

catcher
Al-Mylar 0.6 & 6 µm
a source 208Po

collimator
F ~ 6 mm

Beta detector
3x3 array of 6x6 mm2 SiPM

F ~ 3 cm

Det 3423-1-1
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Latest Data Taking - May 2024
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All known 32Cl proton groups identified

Beta delayed α contamination from molecular 18N14N
New proton groups ?

IAS 

(1) (3) (4)

(5)

(6)
(7)

(8)

(9)
(11)

(12)
(13)

(15)

(16)

(17)
(18)

(19)
(20)

(21)
(22)(23)

(24) (25)
(26)

(27)
(28)

(29)
(30)

(10)(2)

1081 keV
1409 keV

2280 keV ~5100 keV

~5350 keV~2800 keV

B.Blank and al. Eur. Phys. J. A (2021) 57: 28



• ~ 2.5 days with 32Ar high production rate ~2000 pps/µA

• 11 x 106 coincidence events ➭ 0.2% stat. uncertainty
• All DSSD performing at nominal resolution 

Latest Data Taking - May 2024
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• ~ 2.5 days with 32Ar high production rate ~2000 pps/µA

• 11 x 106 coincidence events ➭ 0.2% stat. uncertainty
• All DSSD performing at nominal resolution

• Analysis underway
• Precise calibration of proton detectors
• Extraction of 
• GEANT4 simulation of the full geometry and data set
• Precise assessment of systematic uncertainties

Latest Data Taking - May 2024
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Perspectives
• Set-up fully operational

•  2025 
• New 32Ar run depending on systematic uncertainty
•  8Li : beta-delayed a break-up 

Search for T currents
WISArD sensitivity ?

• Long Term
• New b-p candidates : 20Mg @DESIR
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Si UP

Si DOWN

SiPM

a
b-

B

 20
 11Na

02+: T=1

65700+: T=2

01/2+

 19
 10Ne

238.375/2+

p

 447.9 ms 

 20
 12Mg ≈

~3.0% ~3.1

0+ 0
95 ms

QEC=10730

426

RFQ-Cooler + HRS

Junction beam lines

S3-LEB

SPIRAL1

Experimental setups

DESIR hall
beam lines

DESIR

GPIB+PIPERADE

� Introduction of DESIR

� Status and timeline of the project (2018-2023)

� Status and timeline of equipment development (2018-2023)

� First years of DESIR (2023-2026)



Outline

• Search for Exotic Weak Scalar Couplings

• Angular correlation measurement
• Why 32Ar ?
• The WISArD set-up
• Status and prospective

• Beta spectrum shape measurement
• Fierz term and weak magnetism
• Status and prospective at WISArD
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2030 Roadmap Science Drivers 
Pursue searches for unknown particles and 
interactions (New Phenomena) 



beta spectrum shape
• Decay distribution for unpolarized nuclei : integrating over all angles

• Going down to 1‰ level of uncertainty 
• All corrections must be described at the 10-4 level or better
• Nuclear effects : SM recoil order correction “Weak Magnetism”

• CVC hypothesis : beta decays within the same isospin multiplet (mirror decays) or where DT=1, DTz=±1
• Theoretical calculations based on nuclear shel model in good agreement with experiment up to A~50
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Pure Gamow-Teller transition

L. Hayen et al, Rev. Mod. Phys. 90 (2018)
N. Severijns et al Phys. Rev C 107, 015502 (2023)

38

Pure Fermi transition

W (Ee)dEe = dW0 ⇥ ⇠

✓
1 + b

m

Ee
± 4

3

Ee

M

bWM

Ac

◆

<latexit sha1_base64="FY8auhBcWph+2MzUSrbRhI9Q5L8="></latexit>



Experimental challenges
• Partial energy deposit

• Backscattering
• Out-scattering
• Bremsstrahlung

• Energy loss
• Source localization
• Detector dead layer

• Tracking simulations accuracy
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• Spectrometers

• 4p calorimetry
• b-STILED, 20F@MSU...

• Tracking with MWDC 
• MiniBETA

• New techniques 
• 6He-CRES 
• superconducting tunnel-junctions ...

G. Soti et al., NIMA 728 (2013) 
 M. Kanafani, Phys. Rev. C 106, 045502 2022

D.Rozpedzik arXiv:2208.09971
S. Friedrich et al., Phys. Rev. Lett. 126, 021803 (2021)

2

surements of both, beta energy spectra and half-lives of
specific radioactive species. A 4⇡ calorimetry coverage
is achieved using two detectors. One of the detectors is
fixed and aligned along the beam line whereas the other
is mounted on a fast actuator controlled by the DG645
pulse generator. The 6He+ beam is implanted on the
front face of the fixed detector at a mean depth of about
130 nm as determined by TRIM, while the moving de-
tector is located out from the beam [Fig. 1 (a)]. In this
configuration, the beam passes across a third Ø4 mm col-
limator located a few mm from the fixed detector surface.

The time sequence consists of an implantation interval
of typically Timp = 2.5 s, followed by a 1 s waiting interval
during which the movable detector is brought in contact
with the fixed detector, and finally a measuring interval
of duration Tacq. The movable detector remains in the
measuring position [Fig. 1 (b)] during data taking before
being lifted up to start over a new cycle.

8(b)

(a)

1 2 3

4

6

7
5

6He+

25 keV

Det. 1Det. 2

FIG. 1. Sectional view of the vacuum chamber for the im-
plantation (a) and data taking (b) configurations. The labels
on panel (a) are: 1 and 2– the two Ø6 mm collimators in the
first section of the chamber; 3– movable Si detector; 4 and 5–
the moving detector and its mechanical guide; 6– the third
Ø4 mm collimator; 7– the fixed detector. The green arrow
indicates the 6He+ beam. On panel (b), label 8 indicates the
implantation region.

This closed geometry with two detectors ensures the
full collection of beta particles emitted by the implanted
ions and prevents any partial energy loss due to backscat-
tering. The duration of the data taking sequence was
adjusted to be long enough such as to obtain a precise
measurement of the ambient background. Here after, the
fixed and movable detectors will be referred to as “Det1”
and “Det2” respectively. The transit times of Det2 were
measured to be 0.8 s on the way down and 1.7 s on the
way up. The loss of activity between the end of the im-
plantation interval and the beginning of the measurement
was thus limited to 50%. The total transit time of 2.5 s
for a cycle duration of about 20 s does not lead to a sig-
nificant loss of statistics. The motion of the detector was
intensively tested for several days with 20 seconds dura-
tion cycles prior the experiment. These tests have shown

no degradation of the detector signals. The fair contact
between the two detector faces while in data taking po-
sition was also checked before and after the experiment
by pinching 20 µm thickness sheets at di↵erent places of
the contact surface.

B. Beta particle detectors

The two detectors, Det1 and Det2, are identical. Each
of them is composed of a cylindrical Ø30⇥30 mm2 YAlO3

Ce doped inorganic scintillator (YAP) surrounded by a
EJ-204 plastic scintillator (PVT) with external diame-
ter of 40 mm (Fig. 2). The scintillators are mounted
in a phoswich configuration in which the YAP and the
PVT are readout by a single R7723 photo-multiplier tube
(PMT) from Hamamatsu. The aluminum detector hous-
ing serves in part as a shield and ensures also some pres-
sure to produce a fair optical contact between the PMT,
the optical coupling grease and the scintillators. Two
circular hollows at the front of the housing allow the in-
sertion of calibration sources.

FIG. 2. Left panel: Close sectional view of a detector with
the two scintillators coupled to a single PMT in a phoswich
configuration and the location of the 241Am source. Right
panel: Typical signals from the PVT and YAP along with
the three charge integration intervals.

A 5 kBq 241Am source was permanently mounted on
each detector to provide a constant calibration reference
using the 59.54 keV photons. These interact mostly in
the YAP volume whereas the ⇠5 MeV alpha particles are
stopped in the PVT which also serves as a veto to reject
background events. The detection of the alpha particles
by the PVT is used to monitor PMT gain variations. A
225 µm layer of Tyvek with a Ø5 mm hole in front of the
241Am source was wrapped around the PVT to improve
the light collection. The faces of both detectors which
get into contact are free of any reflector or dead layer.
As a result, when scintillation light is generated in one of
the detectors, about 80% of the light is collected by its
own PMT while the other 20% is collected by the PMT
of the other detector.

2 Multiwire gas electron tracking detector

Figure 1. The miniBETA spectrometer. Left panel: Photo of
the setup. Inside view of the chamber as implemented in MC
simulation. In the right-lower panel the cells colors indicate
intensity of hits. Electrons are emitted from the beta sources
located in the middle of the chamber.

The multiwire gas electron tracking
detector named miniBETA spectrom-
eter was built for studying experi-
mental e�ects that must be controlled
in V spectrum shape measurements.
The current version of miniBETA is
a combination of a plastic scintilla-
tor (serving as energy detector and
a trigger source) and a hexagonally
structured multi-wire drift chamber
(MWDC), filled with a mixture of
helium and isobutane at low pres-
sure. The gas electron tracker is re-
sponsible for e�cient identification
of electrons emitted from the V decay
source. Thanks to precise informa-
tion about the electron track, it is pos-
sible to identify electrons backscat-
tered from the energy detector and eliminate electrons not originating in the V source. Additionally,
the coincidence condition between signals from the tracker and energy detector suppresses back-
ground from gamma emission typically accompanying V decays. The light construction of the
MWDC and optimized geometry help reducing background from secondary radiation created in-
side the chamber due to collisions with wires and mechanical support structure. The hexagonal
cell configuration was chosen to assure maximum transparency of the detector in order to minimize
multiple electron scattering on wires. The present MWDC configuration, optimal for an overall
performance characterization, consists of 8 sense wire planes sandwiched between 24 field wire
planes forming the plane structure shown in Fig. 1. Each cell consists of a thin anode wire (NiCr
alloy, 25 `m thick) surrounded by 6 cathode field wires (CuBe, 75 `m thick) forming a hexagonal
cuboid. The choice of the anode wire material is dictated by the charge division technique delivering
information about the hit position coordinate along wires. The inside view of MWDC is shown in
Fig. 1 (right upper panel) with the illumination of cells from a real measurement (right lower panel).

The energy detector is made of a plastic scintillator embedded in the gas detector and connected
via a lightguide with four photomultiplier tubes (PMT) installed outside the chamber. The digitized
pulse height of PMT signals carry the electron energy information. Additionally, the PMT signals
provide time reference for drift time measurement and are also used as a trigger for the readout se-
quence including MWDC data and information from the electron energy detectors. The miniBETA
spectrometer was operated with He/isobutane gas mixtures ranging from 50/50% to 90/10% at
pressures from 700 down to 300 mbar. The spectrometer is read out by a custom-designed modular
electronic system described in Refs. [5–7]. The 3D tracking algorithm extracts the XY- coordinates
of points on the electron track using the information from drift time and ZY- coordinates from the
charge division method. Examples of the recorded event topologies are presented in Fig. 2. An

– 2 –
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Beta-spectrum shape at WISArD
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Proof-of-Principle : InESS – 2020
• 114In source measurement

 

• 2 PS scintillators with 6x6 mm2 SiPM

Systematic uncertainty
• Temperature sensitivity of the SiPM gain 
• Calibration non-linearity
• Resolution ~200keV
• Threshold ~ 70 keV
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New beta-shape measurements

• Si(Li) detectors at T=77K
• Lower threshold : < 5 keV
• Higher resolution : 0.8 keV for g @ 1MeV
• GEANT4 model

• Ongoing
• Higher backscattering probability to be assessed
• Performances at -40°C to be checked with glycol 

active cooling and Peltier elements
• New detection tower under construction

• Perspective
• Source measurements during LS3 2026-2028
 114In, 32P, 22Na
• Beam measurements after 2028
 14O, ... 
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The WISArD Project

• ~ 20 collaborators from 8 institutions

• Total budget ~ 1.1 M€ from ANR and FWO ending 2024

• PhDs and Post-Doctorate Fellows :
• V. Araujo-Escalona 2015-2017 KU Leuven
• F. Cresto 2019-2023 ANR
• M. Pomorski 2019-2022 ANR
• D. Atanasov 2018-2023 KU Leuven, CERN Fellow, IN2P3
• J. Ha 2022-2023 KU Leuven
• S. Lecanuet 2023-2026 IN2P3 
• New PhD 2024-2027 Région Nouvelle Aquitaine – IN2P3

• IN2P3 
• LP2i Bordeaux : P.Alfaurt, P.Ascher, B.Blank, L.Daudin, M.Gerbaux, 

J.Giovinazzo, S.Grévy, S.Lecanuet, M.Roche, M. Versteegen

• LPC Caen : X.Fléchard, L. Hayen, E.Liénard
• Future need for financial support : ~ 20k€ / year 
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5

Set-up developments and tests

5

Data Analysis

Operation

5

5



Conclusion and outlook

• Proof-of-Principle
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2018

• Upgrade

2021
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• 0.2% uncertainty on ã

2024

• New Run : 32Ar or 8Li

2025

• New Run : 32Ar or 8Li

2028

substantially different energy scales and assumptions are
required.
This Letter presents an improved limit on T contributions

obtained from a high-precision study of 8Li β decay
performed with the Beta-decay Paul Trap (BPT) [14].
The experimental setup and data analysis are built upon
our earlier efforts to study 8Li [11,15].
The decay of 8Li is ideal for β-decay angular correlation

measurements in an ion trap, due to its nearly pure Gamow-
Teller transition from the Jπ ¼ 2þ, isospin T ¼ 1 ground
state to a broad Jπ ¼2þ, T ¼ 0 8Be excited state that imme-
diately breaks apart into two α particles [see Fig. 1(a)].
Ab initio calculations indicate that the Fermi contribution to
the 3-MeV-resonance matrix element is < 10−3 [16] and
the nearest Fermi-decay strength is centered closely around
the doublet transition between 16 and 17 MeV (“doublet,”
hereafter). Both contributions are below our experimental
sensitivity.
In the allowed approximation, the 8Li decay rate can be

expressed as [18]

dΓ ∝ FðZ; EÞpeEðE0 − EÞ2
!
g1 þ g2

p⃗e

E
· p̂ν̄

þ g12

"!
p̂α ·

p⃗e

E

#
½p̂α · p̂ν̄& −

1

3

p⃗e

E
· p̂ν̄

$#
ð1Þ

where E0 and ðE; p⃗eÞ are the β endpoint energy and four-
momentum, p̂α and p̂ν̄ are the α and ν̄ momentum unit
vectors, respectively, and FðZ; EÞ is the Fermi function.
The gi terms are spectral functions dependent on the Ci’s,
and to a lesser degree, E, E0, and several recoil-order form
factors: the weak magnetism term b, the induced tensor

term d [19], and the second-forbidden axial-vector terms j2,
j3. These recoil-order corrections also give rise to addi-
tional correlations between the β, ν̄, and α particles that are
∼100× smaller than the terms shown in Eq. (1).
The triple-correlation term that arises from the delayed α

emission can be exploited to increase sensitivity to
aβν ≡ g2=g1. When the β and an α particle are emitted
in the same direction, the angular correlation factor of g12
becomes 2

3 ðp̂e · p̂ν̄Þ, resulting in aeffβν ¼ ðg2 þ 2
3 g12Þ=g1. In

the 8Li decay spin sequence, g1 ¼ 1, g2 ¼ −1=3, and
g12 ¼ −1. Thus, by selecting approximately parallel α-β
events, the measurement’s sensitivity to the β-ν̄ angular
correlation increases by up to 3×. Further, due to the large
Qβ [16.00413(6) MeV [20] ] and small nuclear mass, the
8Be' recoil energy is comparatively large, resulting in
kinematic shifts that produce ∼400 keV α-particle energy
differences ΔEα in the lab frame. ΔEα is straightforward to
measure and is influenced by aβν.
The decay of 8Li populates a broad excitation energy

spectrum, which leads to some complications. In Fig. 1, the
8Li level scheme is shown alongside R-matrix fits of the 8Be
excitation energy Ex spectrum obtained from this data
(similar to the fits in Refs. [21,22]) with approximate
individual state contributions to the spectrum [23]. Though
the doublet states are aboveQβ, their Gamow-Teller matrix
elements are large and their resonance tails extend to
significantly lower energies. The decay strength to the
doublet increases with Ex, eventually dominating the
transitions at Ex > 10 MeV. Furthermore, the 3-MeV
and doublet transitions each have significantly different
recoil-order form factors that must be considered. While the
state-dependent recoil-order contributions are interesting in
their own right [24,25], here we minimize these effects by
focusing on transitions to Ex ∼ 3 MeV [the shaded area in
Figs. 1(b) and 1(c)].
In our previous Letter [11], the recoil-order form factors

were taken from results in Sumikama et al. [26]. Because of
statistical constraints and the recoil effects’ small size, the
measured form factors obtained from that work were
averaged over the entire 8Be Ex spectrum and had com-
paratively large uncertainties. Utilizing ab initio symmetry-
adapted no-core shell model (SA-NCSM) calculations
[27,28] correlated to the measured 8Li ground-state quadru-
pole moment, more precise values of the form factors for
each relevant 8Be transition have been determined in the
letter following this one [29] and were used here. With the
exception of b, the values from Ref. [26] were approx-
imately halfway between the 3-MeV and doublet transi-
tions’ calculated form factors and all associated
uncertainties of the 3-MeV transition values were con-
strained to within 10%.
In addition to reproducing the known 8Be states, the SA-

NCSM calculations also predict a low-lying, 2þ αþ α state
with a width of 10(3) MeV (calculated using a NNLOopt

FIG. 1. (a) The β-decay scheme of 8Li (with Ex, Jπ , and T listed
from left to right) [17]. Sample 8Be excitation energy Ex spectrum
R-matrix fits (black) with approximate individual state contribu-
tions from (b) the 3-MeV resonance (blue) and doublet states
(red) and (c) with an intruder state (green) centered at ∼9 MeV
added. The region highlighted in blue is the Ex range used in our
analysis.

PHYSICAL REVIEW LETTERS 128, 202502 (2022)
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• InESS : 114In

2020

• Si(Li) @ISOLDE

Temperature tests

• Si(Li) @ISOLDE

Tests with B field

Calibration sources

207Bi, 60Co, 90Sr...

• Shape meas. 

Source 

114In, 90Sr, 32P,22Na

• Shape meas. 

RIB 

14O, mirror 
nuclei...

LS3
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Test Run 2021
• 43h beam time

• Kinematic shift and broadening clearly visible
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➭ precision level : ~3%ã = 1.002(17)stat
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• New 32Ar run depending on systematic uncertainty ?

Short term perspectives - 2026
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Si UP

Si DOWN

SiPM

a
b-

B

8Li : b-delayed a break-up

• Argonne : Paul Trap (BPT)

• WISArD sensitivity ?
• Geometry 
• Energy loss in the catcher and dead layers

June 24 2024 Conseil Scientifique IN2P3
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Axial-Vector Coupling
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◆

bGT ⇡ ±Re

✓
CT + C 0
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◆

The selection rules

Fermi � decay

In the Fermi decay mode the conservation of angular momentum
requires that the spin of the baryons to point in the same direction
before and after the decay.

ν

e−

S=0

n p

Fermi decay
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WISArD 
Weak Interaction Studies with 32Ar Decay 
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Search for Physics Beyond the Standard Model… 
 

…with β�ν correlation in nuclear β decay 
 

e+ 

νe 

nucleus 
θ

The V-A theory of Electroweak Interaction 
 
•  Vector-axial vector coupling constants:  
•  Maximal parity violation: (only left-handed ν)  

•  No scalar (S) or Tensor (T) components:  
•  Time reversal conservation:                           all Cs are real   

�All these values are based on observations : how true are they? 

 

Nuclear Recoil Measurement with 32Ar 
 

Proof of Principle Experiment 
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Hamiltonian of allowed β transition [1]   
 

Hadronic component Leptonic component 
1, �5, �µ, �µ�

5,
�µ⌫p
2

Operators between Dirac spinors 

CV ⌘ 1 CA = �1.27
CV = C 0

V CA = C 0
A

CS = C 0
S = CT = C 0

T = 0

Nuclear β decay rate for non polarized nuclei   
 

Pure Fermi transition  ΔJ=0 S=0 

SM : Vector 
• a > 0 : favored θ = 0 
• Maximal nuclear recoil 

BSM  : Scalar contribution 
• a < 0 : favored θ = 180° 
• Minimal nuclear recoil  

β�ν correlation 
coefficient (

Fierz interference 
coefficient 

Pure Gamow-Teller transition  ΔJ=0 or 1 S=1 

BSM : Tensor contribution 
• a > 0 : favored θ=0 
• Maximal nuclear recoil 

SM  : Axial-vector 
• a < 0 : favored θ=180° 
• Minimal nuclear recoil 

aF ⇠= 1� |CS |2 + |C 0
S |2

|CV |2
aGT

⇠= �1

3

✓
1� |CT |2 + |C 0

T |2

|CA|2

◆

�Best measurement compatible with SM at 0.45% [2]  
(

�Best measurement compatible with SM at ~1% [3]  
(

32Ar 

32Cl 31S+p 

� 

p 

Proton peak broadening in β delayed p emission  
 
•  β delayed p emission : ~ 3 MeV  
•  IAS : Γ ~ 20 eV⬄T1/2 ~ 10-17s 

�Kinematic effect from nuclear recoil on p peak : Doppler  

Scalar (BSM) 

Vector (SM) 

Proton peak shift measurement  

Detector Plane 

How can we access aβν ? 
 
•  Detection of ν out of the question… 
•  Nuclear recoil from β emission : ~ keV 

!  Direct measurement in dedicated set-ups : ion traps  
!  β delayed p emission in well chosen nuclei : 32Ar 
 
� access to  

IAS 

2 cases 

p in SiUP 
Kinematic shift 
towards lower 

energies 

p in SiDOWN 
Kinematic shift 
towards higher 

energies 

�WISArD : aβν at the 1‰ level ! 

•  Higher sensitivity : × 2.5 

•  Independent of p detector 
response function 

 
•  Independent of p peak 

intrinsic shape 
 

ΔE(

Short term : by 2021… 
 

… Long term 
 

Set Up 

•  ISOLDE exp. Hall 
•  30 keV 32Ar+ 

•  7 µm mylar catcher foil 
•  8×300 µm Si detectors for p 
•  Plastic scintillator + SiPM 
•  B = 4 T 

•  36h of beam time  

 

Measured proton spectrum 
Fermi Gamow-Teller 

Down detector : 
!  Small energy shift from 

calibration due to p 
detectors’ dead layer 

Up detector : 
!  Larger energy shift due 

to additional catcher 
thickness 

!  « shadow » background 
peaks from 32Ar ions not 
in the catcher 

Energy shift between 
single events and 
coincidences between 
p and β detectors 

Extraction of the angular correlation coefficient   

Fermi Fermi 

ã ⇠=
a

1 + b < me
Ee

>
bF ⇠= �

✓
CS + C 0

S

CV

◆

bGT
⇠= �

✓
CT + C 0

T

CA

◆

� =
p

1� (↵Z)2

Monte Carlo Simulations : 
•  Decay kinematics for 5 values of 

aβν : ΔE = linear function of aβν
•  p emission in catcher foil 
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substantially different energy scales and assumptions are
required.
This Letter presents an improved limit on T contributions

obtained from a high-precision study of 8Li β decay
performed with the Beta-decay Paul Trap (BPT) [14].
The experimental setup and data analysis are built upon
our earlier efforts to study 8Li [11,15].
The decay of 8Li is ideal for β-decay angular correlation

measurements in an ion trap, due to its nearly pure Gamow-
Teller transition from the Jπ ¼ 2þ, isospin T ¼ 1 ground
state to a broad Jπ ¼2þ, T ¼ 0 8Be excited state that imme-
diately breaks apart into two α particles [see Fig. 1(a)].
Ab initio calculations indicate that the Fermi contribution to
the 3-MeV-resonance matrix element is < 10−3 [16] and
the nearest Fermi-decay strength is centered closely around
the doublet transition between 16 and 17 MeV (“doublet,”
hereafter). Both contributions are below our experimental
sensitivity.
In the allowed approximation, the 8Li decay rate can be

expressed as [18]

dΓ ∝ FðZ; EÞpeEðE0 − EÞ2
!
g1 þ g2

p⃗e

E
· p̂ν̄

þ g12

"!
p̂α ·

p⃗e

E

#
½p̂α · p̂ν̄& −

1

3

p⃗e

E
· p̂ν̄

$#
ð1Þ

where E0 and ðE; p⃗eÞ are the β endpoint energy and four-
momentum, p̂α and p̂ν̄ are the α and ν̄ momentum unit
vectors, respectively, and FðZ; EÞ is the Fermi function.
The gi terms are spectral functions dependent on the Ci’s,
and to a lesser degree, E, E0, and several recoil-order form
factors: the weak magnetism term b, the induced tensor

term d [19], and the second-forbidden axial-vector terms j2,
j3. These recoil-order corrections also give rise to addi-
tional correlations between the β, ν̄, and α particles that are
∼100× smaller than the terms shown in Eq. (1).
The triple-correlation term that arises from the delayed α

emission can be exploited to increase sensitivity to
aβν ≡ g2=g1. When the β and an α particle are emitted
in the same direction, the angular correlation factor of g12
becomes 2

3 ðp̂e · p̂ν̄Þ, resulting in aeffβν ¼ ðg2 þ 2
3 g12Þ=g1. In

the 8Li decay spin sequence, g1 ¼ 1, g2 ¼ −1=3, and
g12 ¼ −1. Thus, by selecting approximately parallel α-β
events, the measurement’s sensitivity to the β-ν̄ angular
correlation increases by up to 3×. Further, due to the large
Qβ [16.00413(6) MeV [20] ] and small nuclear mass, the
8Be' recoil energy is comparatively large, resulting in
kinematic shifts that produce ∼400 keV α-particle energy
differences ΔEα in the lab frame. ΔEα is straightforward to
measure and is influenced by aβν.
The decay of 8Li populates a broad excitation energy

spectrum, which leads to some complications. In Fig. 1, the
8Li level scheme is shown alongside R-matrix fits of the 8Be
excitation energy Ex spectrum obtained from this data
(similar to the fits in Refs. [21,22]) with approximate
individual state contributions to the spectrum [23]. Though
the doublet states are aboveQβ, their Gamow-Teller matrix
elements are large and their resonance tails extend to
significantly lower energies. The decay strength to the
doublet increases with Ex, eventually dominating the
transitions at Ex > 10 MeV. Furthermore, the 3-MeV
and doublet transitions each have significantly different
recoil-order form factors that must be considered. While the
state-dependent recoil-order contributions are interesting in
their own right [24,25], here we minimize these effects by
focusing on transitions to Ex ∼ 3 MeV [the shaded area in
Figs. 1(b) and 1(c)].
In our previous Letter [11], the recoil-order form factors

were taken from results in Sumikama et al. [26]. Because of
statistical constraints and the recoil effects’ small size, the
measured form factors obtained from that work were
averaged over the entire 8Be Ex spectrum and had com-
paratively large uncertainties. Utilizing ab initio symmetry-
adapted no-core shell model (SA-NCSM) calculations
[27,28] correlated to the measured 8Li ground-state quadru-
pole moment, more precise values of the form factors for
each relevant 8Be transition have been determined in the
letter following this one [29] and were used here. With the
exception of b, the values from Ref. [26] were approx-
imately halfway between the 3-MeV and doublet transi-
tions’ calculated form factors and all associated
uncertainties of the 3-MeV transition values were con-
strained to within 10%.
In addition to reproducing the known 8Be states, the SA-

NCSM calculations also predict a low-lying, 2þ αþ α state
with a width of 10(3) MeV (calculated using a NNLOopt

FIG. 1. (a) The β-decay scheme of 8Li (with Ex, Jπ , and T listed
from left to right) [17]. Sample 8Be excitation energy Ex spectrum
R-matrix fits (black) with approximate individual state contribu-
tions from (b) the 3-MeV resonance (blue) and doublet states
(red) and (c) with an intruder state (green) centered at ∼9 MeV
added. The region highlighted in blue is the Ex range used in our
analysis.

PHYSICAL REVIEW LETTERS 128, 202502 (2022)

202502-2

chiral potential) [29], which would be accessible to 8Li via
allowed β decay. There has been an ongoing debate about
the existence of this so-called “intruder state,” though
experimental evidence remains inconclusive [17,22,30–
37]. This measurement was also unable to reach a con-
clusion on the intruder resonance’s existence based on
R-matrix fitting. An R-matrix fit including a 2þ intruder
state is shown in Fig. 1(c). Because of the interference
between the lowest two broad states, the intruder state
would contribute to the transition strength between ∼3 and
15 MeV, which introduces some minor systematic uncer-
tainty in the Ex range used in our angular-correlation
analysis. More details on the intruder-state systematic will
be discussed with the other uncertainties and our R-matrix
fitting will be covered in a future publication.
A description of the experimental apparatus can be found

in Refs. [11,15]. Only key details and changes since the
previous experiment [11] will be covered here. The ion
production and transport at the Argonne Tandem-Linac
Accelerator System (ATLAS) was modified to more
efficiently produce 7Liþ, and the beam line used to transport
the ions after the 7Liðd; pÞ8Li reaction was outfitted with a
new gas catcher [38] and beam stop. These changes
resulted in an order-of-magnitude increase in the rate of
8Liþ ions delivered to the BPT compared to our previous
experiment [11].
The BPT, shown schematically in Fig. 2, is a linear Paul

trap with thin, segmented, planar electrodes that confine
8Liþ ions within a small ð∼1 mm3Þ volume at the trap
center. The BPT utilizes a combination of radio-frequency
(rf) voltage (400 Vpp at 1.3 MHz) and a static dc quadratic

potential well with coefficient ∼3 V=cm2 to provide radial
and axial confinement, respectively. The ions are cooled
through interaction with a high-purity helium buffer gas at a
pressure of 10−5 Torr. The trap frame is cooled to 100 K
via liquid nitrogen to improve ion confinement and reduce
leakage current in the detectors. Four 64 × 64 × 1 mm3

double-sided silicon strip detectors (DSSDs) [39], each
with 32 strips on the front and back sides, surround the trap.
From the struck pixels, both α energies (Eα1 and Eα2), p̂α1,
p̂α2, and p̂e can be determined. The β-α-α coincidence
signature effectively eliminates all background events. The
DSSDs are also bordered by stainless-steel shielding to
minimize pickup from the rf voltage applied to the nearby
trap electrodes and backed by plastic scintillator detectors
[40] 600 × 6.200∅ to collect the remaining β energy.
Several upgrades to the BPT have been implemented

since the experiment in Ref. [11]. Tunable notch filters for
every DSSD front strip were added before the preamplifiers
to remove remaining rf pickup. Of the 128 front strips, only
signals from the eight edge strips and an additional five
strips were consistently unusable. The in situ 148Gd and
244Cm calibration sources were upgraded to a set of
spectroscopy-grade sources, which provide α-particle lines
at 3182.690(24) keV [41] and 5804.77(5) keV [42], with
20-keV full width at half-maximum [43].
Over the 14-day experiment, an average of ∼100 trapped

8Li ions were maintained in the BPT. Events were desi-
gnated a “double” when two particles within the same
15-μs event window were detected on opposing DSSDs
with deposited energies between 700 and 8000 keV (an α-α
coincidence), while “triple” events required an additional β
particle coincidence with deposited energy between 200
and 700 keV. The 700-keV threshold was chosen based on
GEANT4 [44] simulations of the α and β spectra compared
to data.
The DSSD α-energy response was calibrated following

the method developed in Ref. [45], utilizing the 148Gd and
244Cm α lines alongside the DSSD minimum ionizing β
spectra from the 8Li decay, which served as a low-energy
point. The β minimum ionizing spectra was matched to
GEANT4 simulations and cross-checked for consistency
with cosmic muon data. Following Ref. [46], the calibrated
energies were corrected for the detector dead layer, non-
ionizing energy losses (NIELs), and the silicon energy-
response nonlinearity [46,47]. The data-collection system
nonlinearity was also accounted for [48].
After calibration, several cuts were applied.

(i) Coincidences detected less than 30 ms after a new
ion bunch is injected into the cloud were discarded, as
opening the trap briefly disturbs the ion cloud’s thermal
equilibrium. (ii) Both Eα1 and Eα2 must be greater than
850 keV to accommodate the aforementioned calibration
corrections. (iii) Eα1 þ Eα2 < 3.75 MeV (note: Ex ¼
Eα1 þ Eα2 þ 91.2 keV − EBe

recoilÞ to minimize uncertainty
associated with the possible existence of an intruder

FIG. 2. Radial-plane cross-sectional view of the BPT showing a
typical triple event.
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The electroweak interaction in the standard model is described by a pure vector-axial-vector structure,
though any Lorentz-invariant component could contribute. In this Letter, we present the most precise
measurement of tensor currents in the low-energy regime by examining the β-ν̄ correlation of trapped 8Li
ions with the Beta-decay Paul Trap. We find aβν ¼ −0.3325" 0.0013stat " 0.0019syst at 1σ for the case of
coupling to right-handed neutrinos (CT ¼ −C0

T), which is consistent with the standard model prediction.

DOI: 10.1103/PhysRevLett.128.202502

Introduction.—Measurements of angular correlations in
nuclear β decay are well suited and widely used to test the
electroweak interaction standard model (SM) description
while also serving as a broadband test for new physics
[1,2]. Though data presently favors only vector (V) and
axial-vector (A) couplings in the electroweak Lagrangian,
the other Lorentz-invariant interactions [scalar (S), tensor
(T), and pseudoscalar (P)] can arise in SM extensions, such
as leptoquark exchanges and contact interactions [3]. The
coupling constants are defined as Ci for “parity-even”
interactions and C0

i for “parity-odd” interactions (i ¼ S, V,
T, A, or P), with parity maximally violated (Ci ¼ C0

i) in the
SM. The β-ν̄ correlation coefficient aβν correlates the
directions of the emitted leptons in β decay and is
dependent on the coupling constants. For pure Gamow-
Teller (A) decays, and pure Fermi (V) decays, aβν is
expected to be −1=3 and þ1, respectively. Non-SM
interactions would lead to deviations from these values.
The development of intense, low-energy beams of radio-

active nuclei has greatly aided the current generation of β-ν̄
angular correlation experiments with ion and atom traps
[4–8]. Traps are an ideal tool for these measurements, as the
nuclide of interest is held nearly at rest in a small, well-
characterized volume at high vacuum. This allows the

decay products to propagate to an array of detectors with
minimal scattering. Thus, complete β-decay kinematic
reconstruction can be achieved, which enables β-ν̄ corre-
lation measurements to pursue sub-1% precision.
The highest precision nuclear β-ν̄ correlation limits on T

currents were set from a corrected 6He β-decay measure-
ment from 1963: aβν ¼ −0.3308" 0.0030 [9,10] and our
previous 8Li work: aβν ¼ −0.3342" 0.0038 [11], both of
which involve Gamow-Teller decays. In 2019, a global
analysis of available neutron and nuclear β-decay data
estimated 0.003 < jCT=CAj < 0.078 (jCT=CAj2 ≲ 0.0061)
[1] at 95.5% C.L., with the assumption of right-handed
couplings for tensor currents (CT ¼ −C0

T and bFierz ¼ 0).
Here, for the purpose of discussion we use the same
simplification. When lifted, the aβν result becomes
ãβν ¼ aβν=ð1þ bFierzhme=EiÞ, where E is the β energy.
The global analysis was updated in 2021 by Falkowski
et al. [12] to include a 2020 aSPECT neutron decay
measurement, which pushed the total right-handed tensor
current strength from þ1.8σ to þ3.2σ away from the SM
[13]. High-energy measurements at the Large Hadron
Collider provide tensor-current limits that are compa-
rable [12] or in the case of right-handed couplings, more
stringent [1] than those achieved from β decay, although
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Detector line shape.—Uncertainties in the line shape
model resulted in a ΔjCT=CAj2 ¼ 0.0009, of which the
largest contribution arose from uncertainty associated with
charge sharing across the back strips.
Data cuts.—All of the data cuts were adjusted within

reasonable ranges and the resulting uncertainties were
added in quadrature; this yielded ΔjCT=CAj2 ¼ 0.0009,
with the dominant contributor being the 700-keV threshold
used to discriminate between α and β particles.
β scattering.—Scattering within the trap increases the

number of β particles striking the DSSDs and distorts the
angular correlation for those extra triple events. Both
the triple events to double events ratio (T3=D2) and the
backscattered triple events to triple events ratio were
consistent between simulation and data, even with much
smaller statistical uncertainty, while the plastic detectors
assisted with distinguishing between origins of scatte-
ring within the trap. The β-scattering uncertainty was
determined by extracting jCT=CAj2 using two sets of
simulations—one set with some scattered triple events
added and another with some scattered events discarded—
to yield simulated T3=D2 ratios "2σ from the measured
ratio. The average magnitude of ΔjCT=CAj2 was 0.0010.
Increasing the time reserved for measuring untrapped 8Li

by 7× compared to the 2015 experiment [11] reduced the
background systematic uncertainty to below our sensitivity.
The systematic uncertainties associated with the simulated
8Be# final-state distribution, and the ion-cloud character-
istics were also negligible.
The result of fitting the ΔEα spectrum and then applying

the systematic correction was jCT=CAj2 ¼ 0.0012"
0.0019stat " 0.0028syst with uncertainties reported at 1σ,
which represents a 41% improvement on our previous
Letter’s uncertainties and is the single most precise meas-
urement of intrinsic tensor-current contributions to the
weak interaction in the low-energy regime. Under the
constraint that CT ¼ −C0

T (bFierz ≡ 0), jCT=CAj2 corre-
sponds to

aβν ¼ −0.3325" 0.0013stat " 0.0019syst

and exceeds the precision of all previous measurements in
Gamow-Teller decays. This result can also be interpreted as
jCT=CAj2 < 0.0076 or jCT=CAj < 0.087 at the 95.5% C.L.
via a Bayesian analysis with a uniform prior for
jCT=CAj2 > 0. If the CT ¼ −C0

T constraint is lifted, the
1σ region of possible jCT=CAj and jC0

T=CAj combina-
tions is bounded by the equation ðjCT=CAjþ 0.044Þ2þ
ðjC0

T=CAjþ 0.044Þ2 ¼ 0.1152, with hme=Ei ¼ 0.0878.
Our findings are in agreement with the SM, in contrast
with the global nuclear limits presented in Falwokski
et al. [12].
Analysis of a similarly sized data set on the mirror

nucleus 8B decay is underway, which will assist with
examining the Ex-dependency behavior of the decay rate

and probing for other non-SM physics, such as deviations
from the conserved vector current hypothesis via the weak
magnetism term (b). However, an experimental confirma-
tion of the existence of the 2þ intruder resonance would be
highly beneficial to any further investigations in the A ¼ 8
system.
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Longer term : other b-p candidates

June 24 2024 Conseil Scientifique IN2P3

• 14 b-p emitters with pure Fermi transition

• Kinematic shift :
• ∝ 1/M’ of daughter nucleus
• ∝ √Qp proton kinetic energy
• ∝ Qb endpoint

• 3 exotic nuclei lighter than 32Ar

S. Lecanuet – M2 Internship

Standard Model
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20Mg at DESIR

• Contaminant : 20Na ➭ PIPERADE

• 20Mg : rates similar to 32Ar @ISOLDE
       but Ip ~ 1% instead of ~20%

• 24Si  @S3 : Fast gas cell (~10ms)

June 24 2024 Conseil Scientifique IN2P3

RFQ-Cooler + HRS

Junction beam lines

S3-LEB

SPIRAL1

Experimental setups

DESIR hall
beam lines

DESIR

GPIB+PIPERADE

� Introduction of DESIR

� Status and timeline of the project (2018-2023)

� Status and timeline of equipment development (2018-2023)

� First years of DESIR (2023-2026)

T1/2

(ms)

rate 
ISOLDE 

(ions/µC)
rate DESIR (pps)

20Mg 90 - 1500-3600 (SP1) / 300-500 (S3)

24Si 143 - 420 (S3)
28S 125 - ?

32Ar 100 ~ 3000 2300 (SP1)

M.V. Lund et al, Eur. Phys. J. A (2016) 52: 304 

 20
 11Na

02+: T=1

65700+: T=2

01/2+
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 10Ne
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p

 447.9 ms 

 20
 12Mg ≈

~3.0% ~3.1

0+ 0
95 ms

QEC=10730
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Choosing the best candidate
• Theoretical constraints

• Radiative corrections under control
• Recoil order corrections : bWM 
• Simple shape : allowed transition
• Simple decay scheme

• Sensitivity  
 E0 between 1 and 3 MeV

June 24 2024 Conseil Scientifique IN2P3
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FIG. 1. Variation of the sensitivity factor ⟨m/W ⟩ as a function of
the endpoint energy E0.

the phase space, gives

N0 = 1 + b

〈
m

W

〉
, (3)

where ⟨m/W ⟩ denotes the average of m/W over the statistical
weight given by Eq. (1). Figure 1 shows the variation of the
factor ⟨m/W ⟩ as a function of the endpoint energy, E0 = W0 −
m, for values in the range 20 keV to 20 MeV. For reference,
the values for neutron decay (E0 = 782 keV) and for 6He
decay (E0 = 3.50 MeV) are indicated with black points. It
is obvious that ⟨m/W ⟩ increases monotonically toward lower
endpoint energies and tends asymptotically to 1 because the
kinetic energy in the denominator becomes negligible relative
to the electron mass.

This property has been exploited to extract very stringent
constraints on scalar couplings from the contribution of the
Fierz term to the F t values in superallowed pure Fermi
transitions [16]. Nuclei with the lowest endpoint energies, such
as 10C and 14O, have the largest sensitivity to the Fierz term,
whereas the b contamination to the F t values of transitions
with larger endpoints, such as 26mAl, is smaller.

It is clear from Fig. 1 that, from a purely statistical
standpoint, the uncertainty on the Fierz term extracted from a
measurement of the rate in Eq. (3) would decrease monotoni-
cally toward lower energies. For a sample with 108 events, the
smallest statistical uncertainty would be !b = 10−4.

III. DIFFERENTIAL DISTRIBUTIONS

The monotonic increase of sensitivity to b in Eq. (3) does
not imply, however, that this property also holds when the
Fierz term is extracted from the measurement of a differential
distribution such as the β energy spectrum or the recoil
momentum spectrum. This is so, simply because in differential
distributions one measures the effect on the shape of the
distribution and not on the number of events. To illustrate
this quantitatively we have performed simple Monte Carlo
studies where the statistical uncertainty on the Fierz term is
determined from fits of differential spectra.

FIG. 2. The solid red line shows the 1σ statistical uncertainties
obtained from fits of simulated β energy spectra as a function of the
endpoint energy E0. The dashed brown line shows the result obtained
with the approximation given by Eq. (7).

A. The β energy spectrum

We consider first the distribution in electron energy,
resulting from the integration of Eq. (2) over the directions
of the neutrino,

Ne(W )dW ∝ P (W )
(

1 + b
m

W

)
dW (4)

= [P (W ) + b g(W )]dW. (5)

We generated β-energy spectra following the shape of the
phase space P (W ) in Eq. (1), for different values of the
endpoint energy E0. Each spectrum contained 108 events.
The generated spectra were then fitted between 5% and 95%
of their kinetic energy range, with a function given by Eq. (4).
The fits had two free parameters: the overall normalization
and the Fierz term b.

The red solid curve in Fig. 2 shows the 1σ statistical
uncertainty on the Fierz term obtained from these fits as a
function of the endpoint energy E0. For endpoint energies
larger than about 1–2 MeV, the statistical uncertainty increases
roughly linearly with the endpoint energy, due to the 1/W
factor. For endpoint energies smaller than 1–2 MeV, the
statistical uncertainty does not decrease monotonically but,
instead, it also increases and equally fast on the log-log scale.
The origin of this loss of sensitivity toward smaller endpoint
energies is rather simple. The sensitivity to b in the fits is
driven by the differences in shape between g(W ) and P (W )
in Eq. (5). As the average kinetic energy becomes smaller,
these two functions become identical and the fitting function
becomes proportional to (1 + b) with a loss of the specific
kinematic signature to b. In other words, although the effect of
the b term in the overall normalization, cf. Eq. (3), is maximal
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Table 4: Isotopes which might be interesting to measure when interested in beyond Standard Model
physics.

Long half-life
T1/2 E0 [MeV] Remarks

63Ni 101.2 y 0.066945(5) [10, 11]
45Ca 162.61 d 0.2558(8) [12]
32P 14.3 d 1.71066(4) miniBETA [13]
114In 71.9(1) s (49.51(1) d) 1.9886(6) [8], miniBETA [13]

Mirror transitions
11C 20.364(14) m 0.9604(10)
13N 9.965(4) m 1.1985(3)
15O 122.24(16) s 1.7320(5)
17F 64.385(53) s 1.73847(25)
25Al 7.183(12) s 3.2547(5)

T = 1 triplet
18F 109.77(5) m 0.6335(6)
10C 19.3016(24) s 2.92968(7)
6He 806.7(1) ms 3.5078(11) [14], bSTILDED [15, 16], CRES
30P 2.498(4) m 4.2324(3) Not possible in ISOLDE
20F 11.163(8) s 5.39086(8) [17]

Unique first-forbidden
90Sr/90Y 28.9 y / 64 h 0.5459(14)/2.27564(37) Clean 90Y possible
89Sr 50.563 d 1.5009(25)
88Rb 17.733 m 5.3124(11) Last 2 MeV is clean.

4.2.2 Quenching of gA

Suhonen [18] proposed to measure forbidden decays to test the quenching of gA and a subset of the
original list is reproduced in Table 4.2.2. It is important to note that a calorimeter might also be able
to measure most of the isotopes that we would be able to measure.

From this list especially 99Tc is interesting as it is the daughter isotope of 99Mo (T1/2 = 65.924(6) h)
which is a well-known and commonly used medical isotope. The main decay branch of 99Mo, BR =
82.2%, goes to an isomeric state in 99Tc with a half-life of ⇡ 6 h. Given the half-life of these decays it
might thus be possible to obtain a 99Tc source starting from the commercially available 99Mo.

Table 5: Test the quenching of gA.

Quenching gA
T1/2 E0 [MeV] Remarks

94Nb 2.03(16)⇥ 104 y 0.4715(20) 2 gammas
98Tc 4.2(3)⇥ 106 y 0.395(7) 2 gammas
99Tc 2.111(12)⇥ 105 y 0.2975(10) BR ⇡ 100%
113Cd T1/2 > 1014 y [19]
115In T1/2 > 1014 y [20]
210Bi 5.012(5) d 1.1622(8) [21], 210Pb (T1/2 = 22.20(20) y)
(RaE) Part of a decay chain

4.3 Other ideas

In the research proposal of Jeongsu he talks about the idea to measure the branching ratio of the
ground state transition in 14O. In the past this BR has already been determined most accurately using
a spectrum shape measurement with a spectrometer [22, 23]. To prepare this document I asked him to
elaborate this idea a bit and he provided a picture of his notebook as shown in Fig. 4. While looking
at this drawing, I noticed one problem because I don’t think it will work to perform a momentum

5
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FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.
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FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.
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obtain a closed 4p detection system, from which the beta particles cannot escape. Indeed, beta 
particles subject to backscattering, which is the most severe problem in such measurements, will be 
guided by the magnetic field of WISArD, which can go up to 9T, and be detected in the opposite detector. 
The sum of the two detector signals will give the full beta-particle energy. The b detectors will either be 
plastic scintillators coupled to an array of 9 SiPMs1 , such as in the WISArD experiment, or semi-
conductor detectors such as Si(Li) or Ge detectors, which show higher resolutions and lower detection 
thresholds. This detector choice is currently being evaluated. 
 
The main improvement of our experiment with respect to previous measurements is that we will 
measure the full energy spectrum in a single setting. The latest measurement typically measured 
energy slices of the spectrum, above and below the endpoint of the excited state transition in 14N, by 
selecting the beta decay particles in energy and momentum. A theoretical full decay spectrum shape is 
then fitted to these points [9]. Under these conditions we believe to reach a result a factor of 2 to 3 
better in precision. 
 
A new measurement of the branching ratio of 14O is 
needed because of the discrepancies between 
previous experiments. Two of the three data points 
contributing to the present value of 0.5% for the 
branching ratio in Ref. [6] are based on 
measurements from the 1960’s which have been re-
analysed in 2005 by Towner and Hardy [13] with only 
the information available in the original paper. Figure 
3 shows the fractional uncertainties on the final Ft 
value for 14O, as presently available in the last 
evaluation of Ref. [6] and foreseen by this work. The 
uncertainty on the branching ratio is divided by a 
factor of 3 and the uncertainty on the Q-value 
affecting f is also lowered. Presently the Q-value error cited in [6] still includes a Q-value difference 
experiment out-dated by the much more precise Penning-trap measurements. Excluding this Q-value 
difference measurement would improve the error of the Q-value by a factor of 3 and would make it 
much smaller than the other experimental error bars. To fully profit from the results of the new 
branching ratio measurement for 14O envisioned here, new measurements of the half-life and maybe a 
new direct measurement of the Q-value of 14O are foreseen by the present collaboration. The overall 
largest contribution to the error of the corrected Ft value comes from the theoretical correction dc - dNS. 
New theoretical calculations are anticipated (see e.g. [14]) to improve them as well in the future, 
especially in light of the new foreseen experimental improvement. 
 
These new measurements and calculations will lead to a much-improved value for the corrected Ft 
value for 14O. Such a new value will then significantly decrease the limits on a Fierz term from scalar 
interactions and therefore for physics beyond the standard model of weak interaction in particle physics. 

II. Partenariat (consortium ou équipe) 
 
The project will be conducted by a collaboration with physicists and engineers from France, at LP2i2 
Bordeaux (formerly CENBG) and LPC3 Caen, Belgium at KU Leuven and South Korea at IBS. It will be led 
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• Scalar right-handed currents : bF=0
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Figure 23 – Évolution de Eshift avec différentes

valeurs de CS dans le scénario 2 pour la Strip

1 Up.

Figure 24 – Évolution de Eshift avec différentes va-

leurs de CS dans le scénario 2 pour tout les détec-
teurs Up.

32
Ar. L’extraction d’une sensibilité globale dans cette configuration d’ajustement à trois paramètres nécessite

une statistique plus élevée. Le tableau de l’annexe D récapitule les durées de simulations requises pour de cette
étude. L’augmentation de la statistique d’un facteur dix multiplierait la durée des simulations d’un facteur
similaire. De plus, les fichiers générés par CRADLE++ deviendraient extrêmement lourds pour atteindre
une telle statistique, l’annexe D résume aussi cet aspect.

5 Conclusion

Ce stage avait pour but d’étudier la sensibilité du dispositif expérimental de l’expérience WISArD aux
courants exotiques de type Scalaire, pour plusieurs noyaux émetteurs �p candidats. Ce travail a permis
le développement d’outils de simulation essentiels à la détermination des contraintes que WISArD peut
apporter sur les constantes de couplage de l’interaction faibles. Les modifications apportées au code de
simulation CRADLE++ permettent à présent de générer des évènements �p en prenant en compte le terme
d’interférence de Fierz, ce qui n’était pas le cas avant. De plus, la version modifiée lors de ce stage inclut
dorénavant un nombre plus important de corrections théoriques associées à la génération du spectre �. Des
extensions comme par exemple l’implémentation des décroissances �� ou �↵ permettraient de rendre cet outil
de simulation plus général. La géométrie du dispositif dans Geant4 a été par ailleurs affinée, avec notamment
l’émission des particules dans la distribution en profondeur d’implantation des noyaux dans la cible. Le
décalage cinématique entre les énergies moyennes détectées des protons émis dans le même sens et dans le
sens opposé aux particules � a été calculé en fonction des paramètres cinématiques de la décroissance, à savoir
le endpoint du spectre �, le Q�+ , la masse du noyau fils MX0 et l’énergie du proton dans le référentiel du
centre de masse Qp. L’expression analytique a pu être vérifiée et le décalage Eshift de trois noyaux candidats
a pu être comparé avec celui de 32

Ar. Le décalage Eshift a également été calculé en fonction de la valeur de
la constante de couplage exotique CS pour les trois noyaux candidats et comparé à 32

Ar. Les simulations
semblent montrer que le gain de sensibilité n’excède pas 10%. Il faudrait augmenter la statistique afin de
s’assurer que la variation de Eshift avec CS n’est pas dominée par des effets statistiques.
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• Scalar left-handed currents : bF≠0

Figure 21 – Évolution de Eshift avec différentes

valeurs de CS dans le scénario 1 pour la Strip

1 Up.

Figure 22 – Évolution de Eshift avec différentes va-

leurs de CS dans le scénario 1 pour tout les détecteur

Up.

On peut exprimer Eshift comme :

Eshift = �1
�C2

S + 1

C2
S + 1

+ �2 (18)

avec �1,2 deux paramètres déterminés par un ajustement. La dérivée par rapport à CS de cet ajustement
permet de tracer la sensibilité de WISArD en fonction de CS . Le second graphique de la FIG.22 montre
l’évolution de dEshift/dCS pour 20

Mg, le noyau candidat pour lequel Eshift est le plus grand, et pour 32
Ar,

le noyau utilisé dans WISArD actuellement. On constate que la sensibilité du dispositif à CS est très similaire
pour ces deux noyaux. Le gain relatif de sensibilité n’excède pas 7 ± 3 % sur la gamme étudiée, au niveau
de précision statistique atteint dans cette étude pour l’analyse strip par strip. Dans le cas de l’étude de la
sensibilité sur une détection pour une direction donné la sensibilité n’excède pas 10 ± 3 %. L’utilisation du
noyau de 20

Mg ne permet pas d’accroître significativement la sensibilité de WISArD pour mesurer la présence
de neutrinos d’hélicité droite dans le courant Scalaire.

Scénario 2 : CS = C 0
S

Dans ce second scénario, on suppose l’existence de courants scalaires correspondant à de nouveaux neutri-
nos d’hélicité gauche cette fois-ci. Dans ce cas, on a CS = C 0

S . De la même manière, pour obtenir la sensibilité
de WISArD dans ce contexte, il est nécessaire d’observer l’effet de CS sur la valeur de Eshift. Les FIG.23 et
24 montrent cette évolution pour les mêmes noyaux que précédemment, dans la strip 1 Up et dans tout le
détecteur Up, pour des valeurs de CS variant entre -0.5 et 0.5. L’ajustement utilise une expression de Eshift

incluant l’effet de a et de b :
Eshift = �1

�C2
S + 1

C2
S + 1

+ �1↵
2CS

C2
S + 1

+ �2 (19)

avec �1,2,3 trois paramètres déterminés par l’ajustement. En effet, dans ce scénario b 6= 0, l’asymétrie entre
les valeurs de Eshift pour les valeurs positives et négatives de CS signe la prise en considération du terme
d’interférence de Fierz b.

Les parties basses des FIG.23 et 24 comparent de nouveau la sensibilité du dispositif WISArD pour les
noyaux de 20

Mg et de 32
Ar. Les barres d’erreurs plus élevées dans ce scénario découlent du fait que trois

paramètres sont à déterminer lors de l’ajustement à cause de la présence du terme b. Comme précédemment,
le dispositif expérimental WISArD est légèrement plus sensible aux variations de CS avec 20

Mg par rapport à
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Fig. 14. (Left) 90%CL constraints on ✏S,T atµ = 2GeV from�-decay data, cf. Eq. (87),with��2 = 4.61, (black ellipse), from the analysis of pp ! e+MET+X
at the 8-TeV LHC (20 fb�1) [12] (blue ellipse), and from radiative pion decay, cf. Eq. (118) [23] (orange band). The green band shows the 90% CL bound
(��2 = 2.71) using only superallowed Fermi decays. (Right) Same figure but using projected �-decay data, cf. Eq. (100) (black) and projected LHC bounds
from pp ! e + MET + X searches with 14 TeV and 300 fb�1 [23] (blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Requiring that the leading logarithmic part of the 2-loop correction is not larger than current bounds on the neutrino mass,
the following bounds were found [13]

|✏̃L| . 10�2 , (129)

|✏̃S ± ✏̃P | . 2 ⇥ 10�3 , (130)

|✏̃T | . 0.5 ⇥ 10�3 , (131)

where µ = 1 TeV was used as the initial running scale. The bounds on scalar and tensor interactions are about 3 times
stronger than those derived from LHC data in Eqs. (121)–(122) and orders of magnitude stronger than those from � decay,
cf. Section 4.5. The bound on the pseudoscalar coupling is also 3 times stronger than the LHC one, but still weaker than that
from pion decay, cf. Eq. (114). Finally, the neutrino-mass considerations above offer a valuable alternative probe for the ✏̃L
coupling, which can also be accessed through CKM unitarity, but with slightly less accuracy, cf. Eq. (79).

5.5. Electric dipole moments

It can be shown that in the SMEFT framework, the samedimension-6 effective operators generating CP-violating effects in
� decay would also generate at tree- or one-loop-level a non-zero nuclear and neutron Electric Dipole Moment (EDM) [473].
As a result one can translate the stringent EDM bounds [474] in indirect limits on the �-decay CP-violating coefficients, such
as D or R, which are two orders of magnitudes stronger than their direct limits from �-decay measurements [13]. This takes
into account the calculation of Ref. [475] that relaxed the EDM bound by an order of magnitude with respect to Ref. [473].

In principle, these indirect bounds can be avoided through a fine-tuned cancellation with additional dimension-6
operators contributing to the EDMs, or using dimension-8 operators. The precise realization in specific models is however
nontrivial, as shown for instance for leptoquark models, where the connection with EDMs is still present, although the
indirect bounds can be relaxed in this case [473]. Finally, the EDM bounds can be avoided abandoning altogether the SMEFT
framework, introducing for example light new particles. Thus, current measurements of CP-violating coefficients in � decay
can be considered as probes of the SMEFT framework itself, or at least its simpler realizations where large fine-tunings are
not considered. A recent and detailed review of the connection between EDMs and �-decay measurements is presented in
Ref. [13].

6. Conclusions

We have reviewed the role of precision measurements in nuclear and neutron � decay, as useful tools to improve
our understanding of fundamental interactions. Transitions with small nuclear-structure uncertainties (or none in neutron
decay) are used to learn about QCD, to extract the values of fundamental SM parameters such as Vud, and to search for new
physics.

First, we have introduced the theoretical formalism that describes � decay at the elementary level with special attention
to the latest developments, such as the precise calculations of the hadronic charges in the lattice, or the SMEFT framework

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