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Systematics Conclusion

Introduction Experimental Setup Measurement Data taking

Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

Standard Model
Lagrangian

[fLee—Yang =+ ]_yylunéleAOV + C{/75)V
+pne(Cs + Cgys)v
+ h.c
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Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

Standard Model B decay rate function
Lagrangian
L =17 o> / pﬁp?/ me
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+ pne(Cy + Clyys)v WsW, Wy
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Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

Standard Model B decay rate function
Lagrangian
L =17 o> / pﬁp?/ me
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Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

Standard Model B decay rate function
Lagrangian
— L mAHtnB / pﬁp?/ Me
Licevang = + Py 12y, (Cy + Ciys)v N(0s,, Ws)dWp (1 W cos(0s,) + by ) dWj
+ pne(Cy + Clyys)v sWy Wy
+ h.c

angular correlation coefficient

—C5 —C5 + Oy, +Cp
Cs+Cq +Cy +Cp

a =
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Experimental Setup Measurement Data taking Systematics
Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

B decay rate function

Standard Model

Lagrangian
vV me
[fLee—Yang - +]_7fy'un€7,u<OV _|_ C{/75)V N(Gﬁy, Wﬁ)dWﬁ X (1 @ pﬁp COS(Qﬁy) —l_ bf)/ ) dWﬁ
+ 5nE(Cs + Cliys)v sWo W
+ h.c

Standard Model

angular correlation coefficient
daughter

o —C‘% - Cg —|‘ 0‘2/ ‘|‘ C{? i . hucleus
o= [ ——s

Cs+Cq +Cy +Cp
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Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

B decay rate function

Standard Model

Lagrangian
vV me
[fLee—Yang - +]_7fy'un€7,u<OV _|_ C{/75)V N(Gﬁy, Wﬁ)dWﬁ X (1 @ pﬁp COS(Qﬁy) —l_ bf)/ ) dWﬁ
+ 5nE(Cs + Cliys)v sWo W
+ h.c

Beyond Standard Model

angular correlation coefficient

—C5 —C5 + Oy, +Cp
Cs+Cq +Cy +Cp

a =

135
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Weak interaction with 3-decay

For a pure Fermi transition and an unpolarized nucleus:

B decay rate function

Standard Model

Lagrangian
vV me
[fLee—Yang - +]_7fy'un€7,u<OV _|_ C{/75)V N(Gﬁy, Wﬁ)dWﬁ X (1 @ pﬁp COS(Qﬁy) —l_ bf)/ ) dWﬁ
+ 5nE(Cs + Cliys)v sWo W
+ h.c

Beyond Standard Model

angular correlation coefficient

—C5 —C5 + Oy, +Cp
Cs+Cq +Cy +Cp

a =

5 90 135
9;")’ v
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B-delayed proton emission

At rest: Proton peak

e =l o

I = T T - T I
3320 3330 3340 3350 3360 3370 3380
. """"" ° Encrgy [keV]
p

Energy increasing Energy decreasing
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B-delayed proton emission

At rest: Proton peak

—————————
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B-delayed proton emission

At rest: Proton peak
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B-delayed proton emission

At rest: Proton peak

( ]Izﬁshift: 5.3 keV ’
a = —0.020 :

———————
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B-delayed proton emission

At rest: Proton peak
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B-delayed proton emission

At rest: Proton peak

a ()- 2

e e o

I = T T T I
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B-delayed proton emission

Proton peak

0.1% precision on (], == ~5 &V precision on Ep; fi

I T T T I
3320 3330 3340 3350 3360 3370 3380

Energy [keV]
C:ri)
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WISArD at ISOLDE

p + CaO — Ar A

(32Ar production:

ISOLDE HRS
A/Q selection
30 keV

From Proton Synchrotron
Booster
2.5 nA at 1.4 GeV

« CaOtarget

* Nanostructured powder

HRS

REXTRAP

(not used)

PSB Target
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WISATrD: detection tower

Tdet = '20°C

2 mechanical positions: bottom view

MCP measurement Decay measurement

1
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WISArD: detection tower

Tdet = '20°C

2 mechanical positions: bottom view

MCP measurement

2 catcher positions: bottom view

Decay measurement

Thin catcher Thick catcher

1
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WISArD: detection tower

40 Silicon detectors channels:

* Thickness: 300 um

» Dead-Layer: 92(20) nm
Proton resolution: ~10keV FWHM
Total solid angle: ~40%
Interstrip geometry (RBS + AFM @ LOMA)

Tdet = '20°C

\

2 mechanical positions: bottom view 2 catcher positions: bottom view

MCP measurement

Thick catcher

Decay measurement Thin catcher

1
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WISArD: detection tower

40 Silicon detectors channels: 9 SiPMs:

Thickness: 300 pum 2 gain regimes (x10 factor)
Dead-Layer: 92(20) nm Coupled with a plastic scintillator (EJ212)

Proton resolution: ~10keV FWHM \ - Removing dark counts using SiPMs

Total solid angle: ~40% correlations
Interstrip geometry (RBS + AFM @ LOMA)

2 mechanical positions: bottom view : 2 catcher positions: bottom view

MCP measurement Decay measurement Thin catcher Thick catcher
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F gy, Measurement

trajectories

—B+

= proton

Counts

Experimental Setup Measurement

Data taking Systematics

Conclusion
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F gy, Measurement

trajectories

!
H 300001 Singles
— + Al J . .
B Coincidences e
= proton 25000 { Anti-coincidences E, m[} :
20000 -
P Experimental data (2025)
£ 15000
10000 -
5_at 5000
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F gy, Measurement

trajectories

I
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F gy, Measurement

trajectories

I
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shift
20000
2 Experimental data (2025)
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F gy, Measurement

trajectories

!
H L'j 300007 Singles
B ) Coincidences .
= proton 25000 4 Anti-coincidences F . m[} :
P : 20000
> 4 5 Experimental data (2025)
/ £ 15000
&
7
\ 10000
& ~— 5000
B=4T
0 I 1 I I
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Extraction of a

Experiment Simulation
2025 o 3
( ) a determination 2Enisi= 7.0 keV |
4540
30000 4 .
2F 5
s | 5]1,[,//, 4.0 n 2E8hift: 5.3 keVW
5000 a = —0.020 i
';‘ =
20000 4
£ 3.51
E — ) 3310 3350 3360 3370 3380
5 15000 4 + Energy [keV]
S
Py
~= _
10000 @ 3.0 - 2FEspifi—= 3.7 keV
|@ a = —0.992 !
5000 3
3320 33‘30 33‘40 33‘50 3.‘3‘60
| : : : | 2 . 5 — Energy keV]
30 330 30 3350 330 330 3380 ¢ Geant4
Energy [keV] .
S [ A Experiment
2.0 | . 4
—1 0 1
3320 3330 3340 3350 3360 3370 3380
Energy [keV]

Keeping in mind that we look for a deviation of 0.1% q %P C"f‘j
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Current analysis status

21210 21250 i
2024/ 2025: B [ et PV R
« Data cleaning and selection > m—f ‘ | | = el : | * ki | 10
» Walk effect corrected . T Rw - m:“ Yo E
«  Gain matching along the experiment (silicon detectors + SiPM) g w1 {{ * H* o
« x40 precise silicon detectors calibration a1 M f }* o

TR i Il

» Geant4 simulation adapted to both datasets with year dependent | Detector

parameters + optimized for high-performance computing 400 =1 o] B9 T
) ) ) ) ; 3000 ; [ g 200k
» X9 SiPM calibration (on proton gated [3-spectrum without sources) B i Sy =
g 1()()0—? g 100‘2 R
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0 2500 5000 0 2000 0 2000 4000
; D) § (=08 8004 (=121 (FAru9
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3233Ar spectroscopy

Missing data in the literature: BR, proton channels, nuclear level width ...
10° A 32 Ar silicon detector spectra ”

2025 experimental data
Geant4 simulation (32Ar ENSDF input)

: \‘ l\ ; | ‘ \ I
! g MMt
W VY Y
0 IOIOO ZOIOO 30100 40'00 5()'00
Energy (keV)
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<,
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Counts / 2.0 keV
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3233Ar spectroscopy

Missing data in the literature: BR, proton channels, nuclear level width ...

10° 1 32Ar silicon detector spectra ” 2025 experimental data
1 Geant4 simulation (32Ar ENSDF input)
<1034 \
E l v " } | |
@) :
0 1000 2000 3000 4000 5000 6000
Energy (keV)
WISAID is a powerful tool for spectroscopy _ * Observables
- AE-E detector for decay product - Particle identification Already new brotons
- ISOLDE t,send to the DAQ - Precise proton/alpha energy E, rou gi dent::ie d for
- High-resolution silicon detectors - - Nuclear level width I, 9 35 33
detect - Bspectrum Q Ar and *Ar
- B detector P _ B . On going analysis with B.Blank
- High efficiency - Relative branching ratio BR

&)

@
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Data taking

Statistical error

2018 200 000 events Aa = 0.037

2021 700 000 events Aa = 0.017

2024 12 000 000 events Aa = 0.004

2025 6 000 000 events Aa = 0.005
Systematic error

Main sources ___Uncertainty Improvement

2018* - Aax107? 2024/2025 Aax1073

B-backscattering +15% 17 +3.5% 2.7 Thinner catcher, lower threshold

Dead layer thickness 430 + 300 nm 12 92 + 20 nm 0.4 New detectors

Catcher thickness 6.70 £ 0.15 ym 5 525 + 30 nm 1.3 RBS measurement @ LP2IB

Source size/position +3 mm 1 + 0.1 mm 0.7 MCP beam profile —_—T :ufe“cs:ffeiﬁj NIMA, 2026, 11582
Detector position +1mm 0.3 + 0.2 mm 0.3 CERN photogrammetry

Silicon calibration slope 0.3% 10 0.1% 2.0 33Ar runs, new detectors

Lit. masses and energies 10 1.2

B calibration 12 keV 15 < 5 keV 1.5 SiPM matrix & response function =
GT peak contamination 10 1.2
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Conclusion

Experimental Setup

Data taking

Data taking

Statistical error

2018 200 000 events Aa = 0.037
2021 700 000 events Aa = 0.017
2024 12 000 000 events Aa = 0.004
2025 6 000 000 events Aa = 0.005
Systematic

Main sources Best measurement of &;, using 37mK
a;,=0.998(3)(4)

Preliminary precision of WISArD (2025):
ag, = X.xxx(5)(5)

B-backscattering

Dead layer thickness

Catcher thickness

Source size/position - —— i T ome S Lecanuet et al., NIMA, 2026, 11582

Detector position +1mm 0.3 + 0.2 mm 0.3 CERN photogrammetry
Silicon calibration slope 0.3% 10 0.1% 2.0 33Ar runs, new detectors
Lit. masses and energies 10 1.2

B calibration 12 keV 15 < 5 keV 1.5 SiPM matrix & response function .

GT peak contamination 10 1.2
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Next step for WISArD

4 N\
Present status

* Ending the analysis of 2024/2025 data taking using Bp
* Preliminary result using only protons:

Fitted proton peak shape on 2025 data

a = 1.0019(47),,,.(?)

Sys

=
[=]
w
TTTT

Events /(0.1 keV)

=
o
o
TT

1
3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
Energy (keV)




Introduction Measurement

Experimental Setup

Next step for WISArD

Data taking Systematics

Present status
* Ending the analysis of 2024/2025 data taking using Bp
* Preliminary result using only protons:

Fitted proton peak shape on 2025 data

a = 1.0019(47),,,.(?)

Sys

Events /(0.1 keV)
[
o

=
o
o
TT

1
3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
Energy (keV)

e N

Next steps:
* New measurement with 32Ar
e Other candidate for SM tests:
- Pure Fermi B decay: 2°Mg
- Pure Gamow-Teller B decay: Li
e Spectroscopy on B-delayed a or p emitters

SPELS/INESS @ WISArD

* Spectrum shape measurement
« ™inands3?p

* SiLidetector at-70°C

B spectrum of 32P

25000

20000

__ 15000

N(Ee

10000

5000

200

400 600

800 1000 1200 1400 1600 1800
Ee [keV]
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Thanks for your attention!
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Weak interaction

/
Example of the ﬁerecay: u—> d -+ et + U, %X — §—1X + e’ + U,

L"Lee—Yang =+ ]_97“7257“(01/ + C(/’}%)V Vector
_ Z_WM%’H/E%L(C A7V + CA)V Axial-Vector
- ]_977@(05 =+ Cfg%})V Scalar
1

+ §Z_MWTLEUW(CT i C/T%)V Tensor

— pysne(Cprys + Cp)v
+ h.c

Beyond Standard Model : Cy =Cf, =1 Cy=0C ~1.27 Cog=7 Cp="7



Formulas back-up

M|

= IMeP (-G -GS+ G+ ) = (T = CF + G+ Cf)
b¢ = 2|Mg|?(CsCy + C:CL) + 2|MgT|*(Cr Ca + CHCY)
& = |Me2(C3+ C2 + C + C2) + [Mar)?(C% + C# + C3 + C7)

—

dl’; M}% 9 De 15 De <> D <>
= Gi i — Le 4 A+ By
dE.dQ.d, = Sigps Fi(Ai—Ee)’p {1+bE Y TR T TPE T
,[ﬁe-ﬁu (P )( )H (J+1)=3((J)-j H
+¢;



High precision measurement

( .
Some previous measurements:

Delayed gamma of '8Ne (1997): o = 1.06(19)

Delayed proton of 32Ar (1999): a = 0.9989(52)st4¢(39) sys
Recoil of 38mK (2005): a = 0.9981(30) stat (37) sys
WISArD (2018): a = 1.01(3)stat(2) sys




Perfect case vs reality

At rest: At rest: Proton peak
o
B-decay: B-decay: Asymmetric energy repartition i_"égni
"\ove >2Cl

Delayed proton emission: Delayed proton emission:

1 I 1 : I I
K p 3320 3330 3340 3350 3360 3370 3380

3 31g Energy [keV]

Energy increasing Energy decreasing




Why 32Ar?

100 -

80 -

N 60

40 -

20 -

B*(0* »0*) with delayed p -

053 &
20
o
Saee:
Q0000CE0 300 [o's
SergetetRusiSiaass
Q008 Q-0
Ogéémm el O
aop e
IXXIE Z%‘X%’” ]
volus 3::::8\ )
sees ! e
O0CC )8(
0,558(3

QIR

20 40 60 80 100 120 140 160
N

Requirement:

[ -decay

° O + 9 O+

» delayed emission

« High production rate in facilities

Sensitivity:
1/Mass

Q
fEO delayed




WISArD beam line

‘w
3

ISOLDE hall

e —

- ——

N
3

Qe 32 \r beam from ISOLDE




WISArD: MCP

2 mechanical positions: bottom view

MCP measurement Decay measurement

Beam scan at 0T 32Ar Beam at 4T
Reconstructed image
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WISArD: Catcher

3 mechanical positions: bottom view

Thin catcher Thick catcher o source

Catcher support:

* Thin catcher 0.6 um
* Thick catcher 6 um

a source (2%8Po)




WISArD: proton detection

8 Silicon detectors: Catcher view
Thickness: 300 um
Dead-Layer: 92(20) nm
Strips: b
Proton resolution: ~10keV FWHM
Total solid angle: ~40%
Interstrip geometry (RBS + AFM @ LOMA)

32Ar proton spectra

—— 2024 (x0.5)
—— 2025

—_
=
1

—
—_
no

Counts / 0.5keV

—_
p—

4000
Energy [keV]




WISArD: 3 detection

SiPMs + plastic scintillator

oo

T U T T
1000 2000 3000 4000 5000 6000 7000 8000
Energy [keV]




Silicon detectors position

Will change: Impact on:
» Solid angle « E.
* Energy loss » Branching ratio (spectroscopy purpose)
Position measurement made by a CERN team Position of Silicon detectors reference frame in Geant4
* Precision requested: < 0.5 mm L0 - i + Centered
° Photogrammetry ! + ()pl,linal position
* Measurement in an arbitrary reference frame 2 N * b .
g 270 7] } }
Software reconstruction = i :
i ‘ = LB ) = = o | i E i H } I I t I
8l Setup_01 P 4§ £ %9 i ST TRRE] {;Ii ; ty ¥
| ’ = 5% !
= }ﬁ t
E} it
-10% t
D1 D2 D3 D4 D5 D6 D7 D8

Detectors




Catcher thickness

Rutherford Backscattering Spectroscopy:
* Used to analyze composition and/or thickness of samples with ion beam

Sample
Elastic collision condition: .
+ Sample: Al * Angle 135
e Beam: H* * Energy: 1200 keV
Al .
: Silicon detector spectrum
' - 600 -
‘,o"" : :; 400 - Al
- £ 200- H
* - O T T |
800 900 1000 1100

Energy (keV)

} 1200 kev




Catcher thickness

Rutherford Backscattering Spectroscopy:

* Used to analyze composition and/or thickness of samples with ion beam

Sample

Al

Detected events

} 1200 keV

Counts / keV

Elastic collision condition: .
e Beam: H*  Energy: 1200 keV

Silicon detector spectrum

600 1

4001 Al

200 1
0 | VAN
800 900 1000 1100

Energy (keV)




Catcher thickness

Rutherford Backscattering Spectroscopy:

* Used to analyze composition and/or thickness of samples with ion beam

Sample

Mylar (c,,;H:0,)
Al

Counts / keV

Detected events

} 1200 keV

Elastic collision condition: .
«  Sample: Al-Mylar * Angle 135
e Beam: H*  Energy: 1200 keV

Silicon detector spectrum

600 1 C
4001

200 2 A

0 | VAN
300 900 1000 1100
Energy (keV)




Catcher thickness

Rutherford Backscattering Spectroscopy:
* Used to analyze composition and/or thickness of samples with ion beam

Sample

Al

Mylar (c,,;H:0,)

Al

Detected events

} 1200 keV

Counts / keV

Elastic collision condition:

Sample: Al * Angle 135°
Beam: H* * Energy: 1200 keV

Silicon detector spectrum

600 C

400 M Al Al

=t | FaWANEE
300 900 1000 1100

Energy (keV)




Catcher thickness

Will change: Impact on:
» Energy loss = calibration  E,.
* B backscattering « Proton energies (spectroscopy purpose)
RBS measurement @ AIFIRA: 702200 T — s b | g0 { BN YT —
\; 300_ Simulated Data 400_ = O
e Beam:H*@1.2and 3.0 MeV :.;. AN 500 - A A Al
e 2catchers (GumandO05um) % y y - r ' L0 u i - a ; J
: 800 350 900 950 1000 1050 1100 1150 800 350 900 950 1000 1050 1100 1150
¢ BOth S|deS > (E» = 3.0 MeV )(Face AJ THIN] 300 4 (£» = 3.0 MeV][Face BJ THIN]
f 300 200
. 2150 - 100 -
Analysis: T , N 0 | B\
. . 2100 2200 2300 2400 2500 2600 2700 2100 2200 2300 2400 2500 2600 2700
« Auto-calibration method [ — ’ [ — ’ ’
. . ): 10'30 4| E, = 1.2 MeV ||[Face A | THICK 900 1| E» = 1.2 MeV || Face B || THICK
« Geant4 simulations (fully = 701 500 -
custom and optimized 5 350 300
. . B (0
implementation of RBS 200 400 600 800 1000 200 400 600 800 1000
proces S) - 1900 (B, = 30 \eV[Face A[THICK) T-‘;")O (B = 50 MoV ) Face B)[THICK]
7 800 200
5 4004 2507
. P At
ReSU It ! 2000 2200 2400 ‘26b0 2800 2000 2200 2400 26b0 2800

o AI85(10)nm + Mylar 525(15)nm
e AI110(25)nm + Mylar 6100(35)nm

Energy (keV)

Energy (keV)

Thanks to J.Jouve and S.Sorieul

55)



Silicon detectors interstrip geometry
Width

Composition and
thickness

AIFIRA 2D beam scan

4000

200 210 Simulated Data — BB SiBulk
190 \ -4 Experimental Data Al Grid
170 AFM 2D R 20004 §

50 ’ SCan \

ts /4 keV

2000 1500 1

1000

Cou

Counts / (um?)

ts [ 4 keV

Cow

Technique /
Region

Si - Interstrip

Al - Grid

SiOz2 Interstrip

AFM

12(2) um

28(1) um

MICROSCOPE
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Beam characteristics

Will change: Impact on:
« Solid angle * Egun
* [3 backscattering » Branching ratio (spectroscopy purpose)

Position sensitive MCP

- _C]_+CQ+C3_C4
= CZ

Oy + Cy — Cs —
Y =
& (57)

X

In preparation: S.Lecanuet et al.



Beam characteristics

Will change: Impact on:
« Solid angle * Egun
* [3 backscattering » Branching ratio (spectroscopy purpose)

Position sensitive MCP

RAW reconstruction
(highly deformed)

06 —04 —02

00 02 04 06

Xy (au)
P —C1+ 0y + 05— (Y4
Cs
+C1+ Cy —C3 —Cy
Y =
Cx

In preparation: S.Lecanuet et al.



Beam characteristics

Will change: Impact on:
« Solidangle * Egin
* [3 backscattering » Branching ratio (spectroscopy purpose)

Position sensitive MCP

RAW reconstruction First empirical correction
(highly deformed) 5 (deformed) y
Calibration on the mask
] 12 2D fit with corner holes as fit parameters
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Beam characteristics

Will change: Impact on:
« Solidangle * Egin
* [3 backscattering » Branching ratio (spectroscopy purpose)

Position sensitive MCP
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Beam characteristics

Will change: Impact on:
« Solid angle * Egun
* [3 backscattering » Branching ratio (spectroscopy purpose)

Position sensitive MCP

Beam scan Beam measurement
8 4 ;20 Fitted beam characteristics:
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Simulation

Event generator: CRADLE++

 B,a,v, EC,IC, and proton decay implemented
* Precise 3 spectrum*
« Generate a decay chain with kinematics

» Able to generate Beyond Standard Model cases

*L.Hayen and al. : Rev. Mod. Phys. 90, 015008 (2018)

Transport: Geant4

Efficient CRADLE file reader
Event by event tracking
Homogeneous magnetic field

40 silicon detectors detailed geometry




2024 Data taking: Source measurement
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Data taking

\

(2024:
e All /2 channels worked




Data taking

(2024:
e All /2 channels worked

» Collimator B-backscattering
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Data taking

2024 (2025 |
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Walk corrections

RAW Silicon detector corrected SiPM corrected
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