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Unitarity test of the SM

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

1.4. Other motivations for precise mass measurement: test of the CKM matrix unitarity

weak eigenstates with the strong eigenstates as follows:
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where d, s and b are the down, strange and bottom quarks respectively and
w, s respectively denotes the weak and strong eigenstates. The square of
each CKM matrix element Vij represents a probability of transition of a
quark state under the weak interaction. For example, |Vud|2 is the proba-
bility of a u-quark mixed into a d-quark. Under the Standard Model as-
sumption that there are only six types of quarks, the CKM matrix has to
be unitarity: X

i

|Vui|2 = |Vud|2 + |Vus|2 + |Vub|2 = 1. (1.30)

The violation of the CKM matrix unitarity could be caused by quantum
loop corrections in the quark mixing resulting in unobserved new particles
such as the neutral gauge boson Z� [Mar87]. From the last compilation
of all available experimental data, including all theoretical corrections, the
CKM matrix agrees with unitarity [Har09]:

X

i

V
2
ui = 0.99995 ± 0.00061. (1.31)

However, this was not always the case, as previous evaluations the CKM
matrix were found to disagree with unitarity by 2.4� [Har05]. This deviation
was corrected with re-evaluations of the Vus [Sci08] and Vud [Har09] matrix
elements (note that Vub matrix element, due to its small size, contributes to
a negligible 0.001% to unitarity).

Measuring the Vus and Vub terms is the domain of particle physics. How-
ever, the Vud term only involves the up and down quarks, which are the con-
stituents of protons (p = u+u+d) and neutrons (n = u+d+d). Therefore,
this term is accessible through nuclear physics experiments and it can be de-
termined from the measurement of the ft-values of super-allowed 0+ ! 0+

�-decays. The ft-value, or “comparative half-life”, is given by the prod-
uct of the partial half-life of the decay with the phase-space factor, f . The
super-allowed 0+ ! 0+

�-decays are decays between states of spin J = 0 and
positive parity, hence J

p = 0+. This type of transition, where the change in
spin �J = �S = �L = 0, is called a Fermi transition. In the Fermi theory
of �-decay, the ft-value is given by [Kra88]:

ft =
K

G
2
V
|MF |2

(1.32)
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• SM: CKM matrix should be unitary

1.4. Other motivations for precise mass measurement: test of the CKM matrix unitarity
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where d, s and b are the down, strange and bottom quarks respectively and
w, s respectively denotes the weak and strong eigenstates. The square of
each CKM matrix element Vij represents a probability of transition of a
quark state under the weak interaction. For example, |Vud|2 is the proba-
bility of a u-quark mixed into a d-quark. Under the Standard Model as-
sumption that there are only six types of quarks, the CKM matrix has to
be unitarity: X
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|Vui|2 = |Vud|2 + |Vus|2 + |Vub|2 = 1. (1.30)

The violation of the CKM matrix unitarity could be caused by quantum
loop corrections in the quark mixing resulting in unobserved new particles
such as the neutral gauge boson Z� [Mar87]. From the last compilation
of all available experimental data, including all theoretical corrections, the
CKM matrix agrees with unitarity [Har09]:
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However, this was not always the case, as previous evaluations the CKM
matrix were found to disagree with unitarity by 2.4� [Har05]. This deviation
was corrected with re-evaluations of the Vus [Sci08] and Vud [Har09] matrix
elements (note that Vub matrix element, due to its small size, contributes to
a negligible 0.001% to unitarity).

Measuring the Vus and Vub terms is the domain of particle physics. How-
ever, the Vud term only involves the up and down quarks, which are the con-
stituents of protons (p = u+u+d) and neutrons (n = u+d+d). Therefore,
this term is accessible through nuclear physics experiments and it can be de-
termined from the measurement of the ft-values of super-allowed 0+ ! 0+

�-decays. The ft-value, or “comparative half-life”, is given by the prod-
uct of the partial half-life of the decay with the phase-space factor, f . The
super-allowed 0+ ! 0+

�-decays are decays between states of spin J = 0 and
positive parity, hence J

p = 0+. This type of transition, where the change in
spin �J = �S = �L = 0, is called a Fermi transition. In the Fermi theory
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• Non-unitarity could lead to new physics:

• Extra quark generation
• Extra Z boson
• Supersymmetry
• … Or erroneous experimental data or theoretical corrections…

• Vud: largest element and obtained from beta decays

+ |Vux|2
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Obtaining the Vud element

• Pure Fermi transitions

• For a reliable CKM matrix unitarity test, Vud need to be precise and accurate.
• Accuracy tested by a determination of Vud using multiple systems.

• Neutron decay

• Pion decay

• Mixed transitions

• Most precise determination
• Need nuclear corrections

• No nuclear corrections
• Lifetime issues
• Need Fermi-GT mixing ratio

• No nuclear corrections
• Very low branching ratio

J.C. Hardy and I.S. Towner, arXiv:1807.01146v1 
[nucl-ex] (2018)

Currently fall short from unitarity by 3s.
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Vud from mixed transitions

• Only 5 nuclei
• One more parameter needed than 

pure Fermi:

ü Half-life 
ü Branching ratios 
ü Q-values 
ü Fermi-to-Gamow 

Teller mixing ratio r

ft-value

• b asymmetry parameter Ab
• n asymmetry parameter Bn

• b-n angular correlation abn

r determined by 
measuring either:

To do: • Long term: expand the list of transitions from which Vud can be extracted
• Short term: reduce sources of uncertainties in the ft-values

L. Hayen, PRD 103, 113001 (2021)

Vud from mirror transitions is currently 6x less precise than 0+ -> 0+
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Need to improve ft-values

Assuming 0.5% uncertainty on a

N. Severjins & O. Naviliat-Cuncic, Phys. Scr. T152, 014018 (2013)N. Severjins et al., PRC 78, 055501 (2008)
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Half-life measurements @ ND

17F: M. Brodeur et al. PRC 93 025503 (2016).
25Al: J. 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).
15O: 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).
28Al: B. Liu et al. In preparation.
33Cl: P.D. O’Malley et al. under analysis.

Figure from N. Severjins et al., arXiv:2109.08895 [nucl-ex] (2021)

28Al
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Nuclear Science Laboratory

Negative ion sourceFN Tandem (V < 10 MV)

Analyzing magnet

TwinSol

b counter
St. Benedict (under construction, 
see Sam Porter poster)
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TwinSol facility

Stable ion beam

gas target
RIB

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

Oldest RIB facility still operational 



ARIS 2023, Avignon, June 6, 2023

RIBs at the NSL

Stable 
primary 
beam

TriSol

TwinSol

St. Benedict for determination of r

RIB

PMT

ND beta counter for 
t1/2 measurements

29P
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RIB produced at TwinSol

Isotope Reaction Rate (pps/µA)
11C 10B(d,n) 2.4x105

13N 12C(d,n) 8.1x105

15O 14N(d,n) 5.0x106

17F 16O(d,n) 1.5x106

25Al 24Mg(d,n) 3.0x105

29P 28Si(d,n) 2.0x105

33Cl 33S(d,n) 9x103

41Sc 40Ca(d,n) 4x103
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Energy choice

• Tandem operated at 6.8 MV
• 12C4+ primary beam at 34 MeV
• E(after foil) = 29.6 MeV
• Deuterium target at 832 torr
• No major radioactive contaminant to 

be expected

13N
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No sign of radioactive contamination

Particle identification with “Akbar”

RIB

DE P-10, charge collection 
on biased electrode

E
Silicon detector
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PMT stability

• With the 13N t1/2 ~ 10 minutes, need to ensure that measured count rate is stable over 
periods of time on order of 2-3 hours. 

• Recorded rate from 90Sr (t1/2 ~ 28.9 y) source over several days.
• Saw strong correlation between measured rate and temperature.
• As result, only kept in analysis runs for which temperature varied by < 0.1C.

2 
re

je
ct

ed
 ru

ns

3
re

je
ct

ed
 

ru
ns



ARIS 2023, Avignon, June 6, 2023

Measurement procedure

TwinSol

Typical procedure:

1) Implant ion beam on a Ta foil for ~3 t1/2.
2) Deflect beam entering tandem.
3) Rotate foil in front of 1 mm plastic scintillator coupled to a PMT.
4) Count for ~25 t1/2.
5) Rotate back to implant position, turn on the beam and repeat.

Implantation
Counting
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Sum fit & chop plot

13N

Fitted using techniques from: • V.T. Koslowsky et al., NIM A 401, 289 (1997)
• G. Grinyer et al., PRC 71, 044309 (2005) 

𝝌n2 = 0.90

Chop plot 
region

Chop plot
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Individual runs & grouping by setting

Birge ratio: 1.30(28)

Birge ratio: 1.05(28)
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Past 13N half-lives measurements

Red: used least-square fittings

ND measurement
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Future ft-value measurements

18

N. Severjins, PRC 107, 015502 (2023)

Plan to measure QEC-values using TITAN Penning trap

Half-lives at ND:
• Finish analysis of 33Cl
• Measure 31S, 41Sc
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Vud from mirror transitions

• Vud: 0.9739(10) 
• 6 times less precise than pure Fermi

• Only 5 nuclei
• One more parameter needed:

ü Half-life 
ü Branching ratios 
ü Q-values 
ü Fermi-to-Gamow 

Teller mixing ratio r • b asymmetry parameter Ab
• n asymmetry parameter Bn

• b-n angular correlation abn
determined by measuring either:

O. Naviliat-Cuncic & N. Severijns, PRL 102, 142302 (2009) 

L. Hayen, PRD 103, 113001 (2021)

To do: • Long term: expand the list of transitions from which Vud can be extracted
• Short term: reduce sources of uncertainties in the ft-values
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Need to determine r

L. Hayen & A.R. Young, arXiv:2009.11364 (2020)

Sensitivity of r to abn • The 17F r has a similar sensitivity to abn as 
the neutron.  

• TwinSol produce 2x106 pps of 17F 
• Will be able to greatly improve on the 

previous determination of r (N. Severjins
et al., PRL 63, 1050 (1989)) based on a 
measurement of A (poor sensitivity to r
(O. Navviliat-Cuncic & N. Severijns, PRL 
102, 142302 (2009))

• Choice of first isotope will depend on
chemistry in the gas cell…
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Measuring abn using a Paul trap

• r will be determined from a measurement of abn
• abn 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.

e+
n

DSSD / Plastic : purple
Position sensitive MCP: red
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Superallowed Transisiton Beta-Neutrino Decay Ion 
Coincidence Trap (St. Benedict)

Gas Catcher

Cooler-Buncher
RF Funnel

System Paul Trap
Beam from
TwinSol

Paul Trap

Gas Catcher
Cooler-Buncher

RF Carpet & RFQ

• Gas catcher from ANL: transport commissioning completed
• RF carpet and ion guide completed
• Cooler/buncher commissioning completed
• Paul trap on its way to ND from LLNL

See Sam Porter’s poster!
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Summary

• CKM matrix unitarity is one possible test of the SM.
• There is currently a 3σ tension with unitarity.
• Superallowed mixed beta transitions can be used to improve accuracy on Vud.
• Measured the half-life of 7 different such transitions at ND including 13N resulting 

in an improvement of their ft-values.
• Future half-life measurements will include 31S and 41Sc.
• St. Benedict currently under construction at ND. Aim to measure abn in many 

superallowed mixed transition for the first time.
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Thank you!
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Superallowed pure Fermi

J.C. Hardy and I.S. Towner, PRC 102, 045501 (2020)

Largest: DR

Biggest Z-dependence: dc
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2005 2010 2015 2020

0.0235

0.0240

0.0245

0.0250

Year

Δ R

Marciano & Sirlin, PRL 96, 032002 (2006)

Recent transition-independent radiative corrections results are systematically 
higher than previous calculations.

Issues with DR

C.-Y. Seng, M. Gorchtein, H.H. Patel & M.J. 
Ramsey-Musolf, PRL 121, 241804 (2018)

Czarnecki, Marciano & Sirlin, 
Phys. Rev. D 100, 073008 (2019)

C.-Y. Seng, X. Feng, M. Gorchtein & L. Jin, 
PRD 101, 111301(R) (2020)

L. Hayen, arXiv:2010.07262v3 [hep-ph] (2021)

2020 
PDG

2020 H&T

= 0.9985(6)

2.5σ tension with unitarity
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Cabibbo anomaly

• Via the CKM matrix unitarity test.

1.4. Other motivations for precise mass measurement: test of the CKM matrix unitarity

weak eigenstates with the strong eigenstates as follows:
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where d, s and b are the down, strange and bottom quarks respectively and
w, s respectively denotes the weak and strong eigenstates. The square of
each CKM matrix element Vij represents a probability of transition of a
quark state under the weak interaction. For example, |Vud|2 is the proba-
bility of a u-quark mixed into a d-quark. Under the Standard Model as-
sumption that there are only six types of quarks, the CKM matrix has to
be unitarity: X
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|Vui|2 = |Vud|2 + |Vus|2 + |Vub|2 = 1. (1.30)

The violation of the CKM matrix unitarity could be caused by quantum
loop corrections in the quark mixing resulting in unobserved new particles
such as the neutral gauge boson Z� [Mar87]. From the last compilation
of all available experimental data, including all theoretical corrections, the
CKM matrix agrees with unitarity [Har09]:
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was corrected with re-evaluations of the Vus [Sci08] and Vud [Har09] matrix
elements (note that Vub matrix element, due to its small size, contributes to
a negligible 0.001% to unitarity).

Measuring the Vus and Vub terms is the domain of particle physics. How-
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Aside

Besides being one more system that can be used to extract Vud and improve its accuracy, 
mirror decays can also be used to:

• Search for scalar and tensor currents

• If right-handed neutrinos are introduced, then CS, CT are no longer equal to CS’ and CT’, 
and adding mirror nuclei data to the global beta-decay fit improve the results appreciably.

A. Falkowski, M.Gonzalez-Alonso & O. Naviliat-Cuncic, JHEP 04, 126 (2021)

Here, adding the mixed decay data was vital in obtaining meaningful fit results 
and improves the uncertainty on the various coefficients by a factor of 2.

There is a hint of a BSM tensor coupling to RH neutrinos at the 3.2σ-level. 
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Table of uncertainties
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Effect of ft-value parameters


