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Unitarity test of the SM e

The Standard Model (SM) can be tested via the CKM matrix unitarity.
CKM matrix: relates the quark weak and regular eigenstates.

| dw> Vud Vus Vub | ds>
|5w> = Vea Ves Ve ‘Ss>
‘bw> V;td V;ts ‘/tb |bs>
SM: CKM matrix should be unitary ) ~ |[Vuil® = [Vial* + [Vas|* + [Via |2 = 1
7

/

Non-unitarity could lead to new physics: + |V, |2
X

Extra quark generation
Extra Z boson
Supersymmetry
Or erroneous experimental data or theoretical corrections...
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Status of the Unitarity test

?

Z ’VW'|2 — ‘Vud‘2 + ‘VuS‘z + ‘Vub‘2 =1
7

= 0.97367 £ 0.00032
= 0.22431 £+ 0.00085

= (3.89+0.16) x 1073

2630011 (2026)

Vad|? + | Vius|? + | V| = 0.9984 4 0.0007

2.30 tension with unitarity

V,4: obtained from B-decays
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V,q from mixed transitions

V4 from mirror transitions is currently 6x less precise than 0 -> O*

@ Only 5 nUCIeI mirror
0.9800 IVual ™" 0ld
* One more parameter needed than Vgl mirror T
pure Fermi: 0.9775; Vual** 20 21Ng _
19Ne T 35Ar 37K
/" Half-life TNp FOTOL ) §
v Branching ratios [ ft-value 0.97251 =1 29p—|—|
v Q-values 0.97001 [1 -
v Ferml-to.-C.a‘.amon N 0.9675 | L | |
Teller mixing ratio p 0 10 20 30 40
A of initial state
Fto= ft(l + 5{{)(1 +5NS — 3C) [1 + (fA/fV)PZ] L. Hayen, PRD 103, 113001 (2021)
= —— K —, p determined by * [ asymmetry parameter Ag
GFVud(l + AR) measuring eithel‘: ° AV aSymmetry parameter BV
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Measuring ag, using a Paul trap /__g\ .

* ag, can be inferred from shape of energy spectra of positron and the TOF
of recoil after decay of trapped nuclei.

* A Paul trap holds any kind of ions in well-defined region of space.
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Superallowed Transition Beta-Neutrino Decay lon Coincidence Trap (St. Benedict)
At the University of Notre Dame Nuclear Science Laboratory
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Nuclear Science Laboratory

B counter St. Benedict

TwinSol
Analyzingm;

FN Tandem (V < 10 MV) Negative ion source
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TwinSol facility NI

One of the oldest RIB facility still operational

F.D. Becchetti et al., NIM A 505, 377 (2003)

- gas target

Stable ion beam

.,.h
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RIB produced at TwinSol N
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Mirror decays at the NSL

St. Benedict for determination of p

Stable
o . Beam from Gas Catcher
prl ma ry T |nSO| TwinSol [F0000000000000000000g Cooler-Buncher
beam E _I |||||_||:|“|:||H
= : — e i
RF Carpet & RFQ Paul Trap

TriSol

ND beta counter for
t,,, measurements I




Half-life measurements after TwinSol e e

Fractional uncertainty (%)

0.20

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

U
tiz BR Qe (fy) &= Onsdc
1/ N ==
ﬂ WM 7 \ = W
/ N
v
- 4 -l
v’
Y \
v
b / —
N v
v
N / /
- / / -
N v /
3 N ’ A
N N / 7
— N N / ” -
N N / /
N N ’ Y A
N N ’ v A ’
N N [ / / /
- N N ’ v A v -
NI AN / / ’ ’
3 N / / /
N N / / 4 / N
vy 1t Y ‘7 7 ’ \
— N N B
\ X A 7 A A j = NS
v N T By Y ZERY A ¢SRS
N N / v A B AE i N
N N N / /3= = B AS I NS
- N N N / v =g feazf LN - N -
N N N / / v = /NZ8 Bo3Z8 BONS /53 N
N N N /.8 82 zR B/ : A B A A N
N N N / S / = H /= R N v YN N
N Ny = N BAERERE NEENHEBAS R N N
) R 3 3% = HERE R RS NERNERAE RS N BN
3H 11C 13N 150 17F 19Ne ZlNa 23Mg 25A| 27Si 29p 3ls 33c| 35Ar 37 39ca

Parent nucleus

N. Severjins et al., PRC 107, 015502 (2023)
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Measurements performed after
TwinSol using the ORNL analogue DAC.

17F: M. Brodeur et al. PRC 93 025503 (2016).
25Al: ). Long et al. PRC 96, 015502 (2017) .

11C: A. Valverde et al. PRC 97, 035503 (2018).
20F: D.P. Burdette et al. PRC 99, 015501 (2019).
150: D.P. Burdette et al. PRC 101 055504 (2020).
29p: J. Long et al. PRC 101, 015501 (2020).

13N: J. Long et al. PRC 106, 045501 (2022).

28A: B. Liu et al. PRC 112, 045504 (2025).

33Cl: R. Zite et al. under preparation.
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Half-life measurements @ TriSol

Fractional uncertainty (%)
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Recently moved the beta counter after TriSol.

Will allow better contaminant separation.
Also use the Mesytec digital DAC.

Commissioned by measuring >0 and others.
In future, plan on measuring #1Sc and others.
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Superallowed Transisiton Beta-Neutrino Decay
lon Coincidence Trap

Paul trap " ~§AU0000000000000000008
il
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Cooler-buncher I]I]l]l:ll]|:||:||]|:||:||:||]|]|]|]|]|:||:||:||:||:||:||:| Beam from
TwinSol

RF Carpet & RFQ Gas catcher
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Gas catcher degrader and window

1) Loses energy in solid material
2) Punch through a thin window

TwinSol beam —»
E =10-40 MeV

7 um Al degrader on

~100 eV beam

rotating actuator

photo-etched honey-comb supporting mesh.

‘e W

10 um light-tight Al window from Goodfellow on a
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Transport tests

1.01
0.8
>
S 0.61
ko
)
5 0.4
0.2 —J— 33 mbar
—— 66 mbar
—— 100 mbar
0.0 ¥ T T T T T T
0 20 40 60 80 100 120

Cone Section, RF Power (W)

F. Rivero et al., NIMA 1092, 171771 (2026)

Previously used at Argonne National Lab

Transport tests using K+ source in gas catcher.

Collected transported ions on a plate after the exit nozzle.
>95% transport efficiency at 33, 66 mbar

60% at 100 mbar (losses occurring in the body section).

UNIVERSITY OF
Nuclear structure with beta-decay (Il), Sept 21, 2026 NOTRE DAME

L
L
L
L
L
IR




Extraction system

Gas catcher
P,=100 mbar

=

RF carpet
P,=3 mbar

U

$,=31L/s

eco dry

lon guide
P,=2x 1073
mbar

L

$,=370 L/s

—>

RFQ injection
P,=2 X 10~
mbar

i

5,=218 L/s

C. Davis et al, NIM A, 2022

® RF Carpet and lon guide will transport ions through a differentially pumped region
® This allows for the pumping down of the region between the gas catcher and cooler-
buncher to adequate pressures, using standard vacuum pumps
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RF carpet transport test setup N

RF Carpet

| Extraction Front view

chamber

IFRF
0RF+OW&V€JT-_ TT- T

1180°RF+270°wave o |
J . 0°RF+180°wave o o 5
S 130°RF+90°wave o ! L
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Transport Efficiency (%)

RF carpet off-line commissioning

Used same ion source mounting as gas catcher

Compared current on entire carpet to that on the collector plate
(immediately after the RF carpet aperture)/ring electrode
Achieve ~100% transport efficiency down to 0.75 mbar pressure
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RFQ ion guide

To cooler-
buncher

e

s

90° angle
off-line ion :
source

Beam from
RF carpet

™~

)
B
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Transport tests from RF carpet | /,_\\\ ——

1004 i 1+ Around 95% transport efficiency for the ion
rit ! guide for P < 2.5x1073 torr.
1T T = 7 < Alower transport efficiency of 60% is
= 80- Y I S however achieved through the RF carpet
9) x aperture at these pressures.
4 & _ . .
é 70 = e Simulations underway to understand and
1 x= . oy
" 60- £ox = | | ] find a way to mitigate these small transport
* losses.
50 A -
® lon Guide Efficiency
A Aperture Efficiency
40 Ll T I 1
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IG Chamber Pressure (Torr) x107°
R. Zite et al, NIM A 1088, 171483 (2026) |G Aperture Carpet
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Transport tests from 90 ° ion source (@aN
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* Around 60% transport efficiency from the
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RFQ cooler-buncher (@aN

e o N A P
Takes continuous beam and bunch it.
A B C D E FGHIJ K
Vie T -
Vst —_—
©
: R —
° VT - ‘
o N >
4
’ A
Ve —_

UNIVERSITY OF
NOTRE DAME



RFQ cooler-buncher \(
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Bunching efficiency

* 10,000 cycles of 10 us gated beam sent to cooler-buncher
» Same settings for DC and bunched beams (except | & K electrodes kept low for DC)

20~ . , , . : . . . . |
DC beam: 17,235 ions 800; Bunches: 15,825 ions
15} Background: 257 ions
600}
® L)
S 10} =
8 3 400f
i 200} -
L, T 1) R N | W
0 10000 20000 30000 40000 20 25 30 35 4 45 50
TOF (us) TOF (us) \
« “Bunching efficiency”: Bunch/DC = 93% 20000 %
15000t
D.P. Burdette et al, NIM A 1084, 171187 (2026) P
S 10000}
[e]
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0 N
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Paul trap = —
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an., from TOF /&\ —
\Y, I s\\N A P
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Fitting ag,
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Paul Trap Simulations

* Created expected SM distribution of 70 * Recorded TOF spectra of recoils to MCP.
recoils from '’F decay at center of trap. * Fitted spectra to extract ag,.

25 50 75 100 125 150 175 200
ToF (us)

W.S. Porter et al., NIMB 569, 165893 (2025)

3

v UNIVER ST yeor
£5) NOTRE DAME




SIMION & GEANT4

10 16 20 25 30 35 40 45 50

18000
16000 - ——SIMION ]
- —— GEANT4

Std. Residuals

1 L 1 1 1 1 1 1 1

10 15 20 25 30 35 40 45 50
Time-of-Flight (us)

W.S. Porter et al., NIMB 569, 165893 (2025) =T JUNIVERSITY OF
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SIMION & GEANT4 e T S

10 16 20 25 30 35 40 45 50

:Zzzz T e 1 GEANT4 implementation advantages:
14000 | BT
12000 | ® Parallelizable
g O 10 million counts in SIMION: 1 day of
® sl runtime
4000 | O 10 million counts in G4: 80 minutes of
20027 A runtime
3t 1 ® Physics-based detector response functions are
2} ] natural to implement
§ 1 “’ '_ !|[ il b ) [ ‘. O Built-in material physics, scattering
g o Hl:'l‘ »l,l | ¥ ARkl processes, etc.
5 I YRR ! l""' 1 ® Field calculations done from C-implementation
R i of SIMION PAs
i ]

10 15 20 25 30 35 40 45 50
Time-of-Flight (us)

W.S. Porter et al., NIMB 569, 165893 (2025) UNIVERSITY OF
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Paul trap

; From LLNL

e . Trap is assembled, under vacuum, and
connected to the rest of St. Benedict

* RF circuit built and tested

UNIVERSITY OF
Sept 21, 2026 NOTRE DAME




Beam tuning on Ackbar s, S Weeue

' 1) RIB is tuned on Ackbar our PID. Located at the 15°
— TriSol beam line at a similar distance from magnet
gas catcher entrance.

AE P-10, charge collection
on biased electrode

Silicon detector
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PID with Ackbar

AE P-10, charge collection
on biased electrode
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20000 -

IS
g
1
F.'\.
L Ol
J YO (i
- i

Scattered carbon primary

,
[Counts 74500 =
MaxZ 226 @ (12096, 25728)

= 200

1.3N7+

0

Nuclear structure with beta-decay (ll), Sept 21, 2026

T
5000

10000 ' " iso00 ' ' " 20000
mdpp16_scp.amplitude[2] - Si

UNIVERSITY OF
NOTRE DAME



Beam tuning on Si detector /.—\\ -

'E; just before the degrader on the St. Benedict line.
"4 3) X-Y steerers adjusted to maximize 13N vs C.

] |
4\ 4) Energy of 13N7* cross-check with LISE++ prediction.

D (&
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Energy determination with Si detector (@

| Ackbar PID plot

50000 —{

40000 —

|
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230000—4
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¥ 0
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Beam tuning on Si detector S S SR
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Recent On-line results

* lon guide has been removed and replaced by a foil backed by a Si detector.
* Implant 3N ions transported by the RF carpet on the foil.
* Positron from the 13N decay are recorded by the Si detector.

o UNIVERSITY OF
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Activity from 13N decay S . S—

5000 ' ' ' ' ' ' "1 ¢ Observed activity with activity with a

1000} half-life of 9.42(14) min.
£ sool * Close enough to the 13N half-life.
e
I
E 100t » Also managed to stop and extract 28Al.
8 50t * Stopping and transport efficiency to

the foil of 1%.
10 L ® -
5 : ' ' ' : : : The stopping and extraction of 11C,
0 20 40 ?0 80, 100 120 140 150, and ’F have proven to be more
Time (min) s

250 1

200+

150+

Counts/Bin

100 4

R. Zite et al, NIM B (submitted) 2026
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Testing with K source

=

'™ Nuclear structure with beta-d
A
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Testing with K source

20t

15}

Counts

6372 counts

Bkg ~ 5 counts
FWHM = 1.2 ms
100 us beam gate

10000 20000 30000 40000
Time of Flight (us)

Bunching efficiency: 55%.
DC efficiency: 10%.

Not horrible, but room for improvement.

sor 3532 counts
40t
30t
20
10F L
00 2.0 40 = 6.0 80
Time of Flight (us)
(+]1]
s0f FWHM: 367 ns
401
g 30
3

35 36 37 38
Time of Flight (us)
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Paul trap MCP testings
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Testing done with an alpha source.
Large volume plates (z-stack) and resistive anode.
Surprising <1 mm resolution has been achieved.
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Summary e

Superallowed pure Fermi transitions are currently the most precise mean to extract V.
Limited by theoretical corrections.

The ft-value from superallowed mirror decay transitions can be used to extract a value
of V4 that complement the value from pure Fermi decays.

The half-life of several nuclei undergoing a superallowed transition to their mirror
partner has been measured at Notre Dame.

St. Benedict currently being commissioned at ND. Aim to measure a,, in many
superallowed mixed transition for the first time to test theoretical corrections used to
determine V.

System will be comprised of a gas catcher, an extraction systems (that includes a RF
carpet and ion guide), a cooler-buncher, and a linear Paul trap.

Each component except the Paul trap have been commissioned using an off-line ion
source.

13N and 28Al ions have been stopped and extracted from the gas catcher with a total
efficiency of around 1%.

Next: send RIB of N and Al through the cooler-buncher and identify at which mass the
activity is coming out.

Next: trap K ions and RIBs in the Paul trap.
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