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The Standard Model of Elementary Particles

• Provides a description of matter in 
the universe

• There are still a couple 
shortcomings:
– matter vs. antimatter 

asymmetry
– dark matter/energy
– why 3 generations?
– neutrino hierarchy

• Want to find some sort of 
experimental evidence that there 
is something beyond this
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The CKM Matrix
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]:
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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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• The CKM matrix describes mixing between quark’s strong eigenstates 
through weak interactions 

• The standard model requires the CKM matrix to be unitary, with most precise 
test given by top row

• Imperfections could lead to new physics:
– Another quark generation
– Extra Z boson
– Supersymmetry

…or be from bad experimental data..

!"# can be obtained 
via nuclear beta decay
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Obtaining the Vud element

I.S. Towner and J.C. Hardy, Rep. Prog. Phys. 73, 046301 (2010) 

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

• Pure Fermi transitions

• Neutron decay

• Pion decay

• Nuclear Mirrors

Ø Most precise determination
Ø Need nuclear corrections

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

Ø No nuclear corrections
Ø Very low branching ratio

Ø Need nuclear corrections
Ø Need Fermi-GT mixing ratio
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Probe !"# with ℱ% value

Need both experimental measurements and theoretical calculations:
– Experimental

• Q value (&)
• half-life (%'/))
• branching ratio (*+)

– Theoretical
• Nucleus dependent radiative terms ( ,-. and ,/01 )
• Isospin symmetry breaking correction term (,21)

Study strength of transition with corrected ℱ% value,

% = %'/)
1 + 672
*+

ℱ%89→89 = &% 1 + ,-. 1 + ,/01 − ,21 = <
2>1) 1 + ∆-1

>1 = >@!"#
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Superallowed 0+→ 0+ Pure Fermi Decays

J.C. Hardy and I.S. Towner, PRC 91,025501 (2015).
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Vud from mirror transitions

• b asymmetry parameter Ab
• n asymmetry parameter Bn

• b-n angular correlation abn

r determined by measuring either:

• Other avenue to extract Vud, test CVC, and test dc. 

• Only 5 nuclei
• One more parameter needed:

ü Half-life
ü Branching ratios 
ü Q-values 
ü Fermi-to-Gamow 
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Nuclear Science Laboratory

Negative ion sourceFN Tandem (V < 10 MV)

Analyzing magnet

TwinSol

b counter Future home of
St. Benedict
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TwinSol facility

Stable ion beam

gas target
RIB

F.D. Becchetti et al., NIM A 505, 377 (2003)
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RIB produced at TwinSol

Expended list of delivered RIB due to growing research activities

Produced in 
recent years
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Superallowed Transisiton Beta-Neutrino 
Decay Ion Coincidence Trap 

Gas Catcher

Cooler-Buncher
RF Funnel

System Paul Trap
Beam from
TwinSol
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Superallowed Transisiton Beta-Neutrino 
Decay Ion Coincidence Trap 
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RF Funnel

System Paul Trap
Beam from
TwinSol

DSSD / Plastic : purple
Position sensitive MCP: red
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Paul Trap Simulations
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Paul Trap Simulations
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Conclusion

• Although the most precise determination for Vud comes from superallowed
pure Fermi decays, mixed mirrors provide another test for accuracy

• With the half-life program winding down and production of mirror nuclei 
developed, the compilation of St. Benedict can begin

• Fast beams from TwinSol will be decelerated, thermalized and formed into 
bunches for injection into the Paul trap using a combination of a gas catcher, 
RF funnel, SPIG, and cooler-buncher

• Simulations of the Paul Trap are underway to determine the ideal electrode 
geometry to perform the angular correlation measurement
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