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Every ~5 years, DOE NP competes these Topical Collaborations (TC)
2011, 2016, 2023  

Bring together groups of 10-20 co-investigators to work on focussed nuclear theory topics 
in support of DOE NP Mission  

Each TC supports 1 - 3 faculty bridge positions as well as postdocs and students
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DOE TC 2023: 5 Collaborations - LBNL involved in all

ExoHad

Raúl Briceño


Develop pathway to 
study Exotic Hadron 
Spectroscopy

HEFTY

Ramona Vogt


Heavy Flavor 
Particles - production 
and diffusion through 
QGP

NTNP

Wick Haxton 

André Walker-Loud


Nuclear Theory for 
New Physics - 
precision low-energy 
tests of  the Standard 
Model

QGT

Feng Yuan


Drive our 
understanding and 
discovery in the 
quark and gluon 
tomography of  
hadrons

SURGE

Xin-Nian Wang


Explore the gluon 
saturation regime of  
QCD

EXOHAD
EXOTIC HADRONS TOPICAL COLLABORATION
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Three main research areas
β-decay
Electric Dipole Moments
𝜈-A scattering for 𝜈 properties 

Three main research tools
Lattice QCD
Effective Field Theory / Phenomenology
Many-body nuclear theory

https://a51.lbl.gov/~ntnp/TC/
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NTNP: β-decay
β-decay is one of the most promising methods of testing the Standard Model

β-decay experiments are how we know the weak-interactions are V-A (left handed)
Precise measurements are used to search for small corrections to V-A structure
β-decay is used to determine elements of the quark mixing matrix (CKM) 
 

With current limits, our understanding of β-decay must be controlled with a precision of O(10-4)
The main challenge is understanding  
electromagnetic (QED) corrections often  
denoted radiative or radiative QED  
corrections
The challenge is that neutrons and protons 
are composite states of quarks and gluons,  
the degrees of freedom of QCD, which is a  
strongly coupled theory
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NTNP: Electric Dipole Moments (EDMs)
There is an excess of matter over anti-matter in the universe of O(1e-9)

We believe this excess matter can be explained with
Baryon-number violation 
CP violation (breaking particle/anti-particle symmetry and parity)
Out of equilibrium dynamics in the early universe

The known CP violation in the Standard Model is orders-of-magnitude too small to explain the 
observed asymmetry 

CP violation will give rise to permanent EDMs in fermions (quarks and electrons)
A quark EDM will manifest as a neutron and proton (and nuclear) EDM
Connecting BSM quark-EDMs to nucleon and nuclear EDMs requires

Lattice QCD
Many-body nuclear methods

How Atoms Can Get EDMs

Standard-Model CP violation is weak; an additional undiscovered
source is needed to explain the matter/antimatter imbalance.

The source can work its way into
nuclei through CP-violating ⇡NN
vertices (in chiral EFT). . .

. . . leading to a nuclear EDM from a
CP-violating NN interaction:
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New physics

How Atoms Can Get EDMs

Standard-Model CP violation is weak; an additional undiscovered
source is needed to explain the matter/antimatter imbalance.

The source can work its way into
nuclei through CP-violating ⇡NN
vertices (in chiral EFT). . .

. . . leading to a nuclear EDM from a
CP-violating NN interaction:
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New physics225Ra and Other Light Actinides
Octupole Physics and DFT
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Fig. 5. Proposed grcxxping of the low-lying states OF 2zSRa into rotation& bands. T’ke two members of 
tke f? = $- band have been reported in a study of the ‘%?r decay 2oj; they are not observed in the 

present study. 

of the favored K * = z* band. (We have chosen to show in fig. 4 the M 1 multipolarity 
for the 134 keV y so that this apparent con%& in the data will not be overlooked 
by the reader.) 

Definitive I” assignments for the remaining levels above 236 keV are difficult to 
make fram the available data, although the y-ray multipolarities and o-transition 
hindrance factors provide at least some insight. Again, the low value (23) of the 
hindrance factor of the rw-transition to the 394.7 keV Ievel is quite interesting, but 
no definite conclusion can be drawn regarding the I” assignment of this fevei. 

Parity doublet

Deformed density

The two states in the parity
doublet, projections from an
octupole-deformed state, are the
whole story here.

We will use the In-Medium GCM,
which takes octupole deformed
state as starting point, adds other
physics through IMSRG flow.

JE + MSU PI Heiko Hergert and UNC student will work on this.

eg. 225Ra


possible 104

enhancement

of  EDM
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NTNP: 𝜈-A scattering and neutrino properties

Major experimental effort to measure 𝜈 properties with 𝜈-A scattering
Need improved understanding of 𝜈-N cross section
Need improved understanding of N-to-Δ transitions (N-to-N𝜋 etc.)
Need improved understanding of 2- (and 3- ?) body corrections
Need to propagate all this information into event generators
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NTNP: β-decay
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NTNP: β-decay
The generic β-decay rate is given by

Cabibbo universality tests

6

Channel-dependent 
effective CKM element

Hadronic matrix 
element

Radiative corrections:
(α/π)~ 2.⨉ 10-3

Extract Vud=CosθC and  Vus=SinθC  from various decays

Fermi’s decay constant 
measured with µ-decay

Quark mixing 
matrix elements

non-perturbative 
hadronic matrix elements

<latexit sha1_base64="9YKMQPqHmFtmPcIUD9fpzjUqnpU="></latexit>

�k =
⇣
G(µ)

F

⌘2
⇥ |Vij |2 ⇥ |Mhad|2 ⇥ (1 + �RC)⇥ Fkin

radiative 
corrections

phase space 
kinematic factor
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VCKM = Cabibbo-Kobayashi-Maskawa matrix
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<latexit sha1_base64="8RkZOXLHQFeyINCkU/xK2NrdCEU="></latexit>

⌫̄e

VCKM is a unitary matrix

no new physics:

<latexit sha1_base64="Fbjc4qyJv4lP4GDSujgXnYXNl2g=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgFpSTF10YounFZwT6gjWEymbRDJ5MwMymUtL/gJ/gVbnXlTtwKLvwXp2kXtfXCwHncy517vJhRqSzr21haXlldW89t5De3tnd2zb39uowSgUkNRywSTQ9JwignNUUVI81YEBR6jDS83u3Yb/SJkDTiD2oQEydEHU4DipHSkmsWh3U3TfzR8LEMT2BG5CzxMnINbdcsWCUrK7gI7CkogGlVXfOn7Uc4CQlXmCEpW7YVKydFQlHMyCjfTiSJEe6hDmlpyFFI5Knfp7HMoJNmx43gsTZ9GERCP65gps4OpyiUchB6ujNEqivnvbH4n9dKVHDlpJTHiSIcTxYFCYMqguOkoE8FwYoNNEBYUP1tiLtIIKx0nnmdhz1//SKol0v2Ren8/qxQuZkmkwOH4AgUgQ0uQQXcgSqoAQyewAt4BW/Gs/FufBifk9YlYzpzAP6U8fULpBWgqA==</latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1

<latexit sha1_base64="fKIQkcOXS4Nf7XZwVB+OQY65bRE=">AAACHHicbVC7TsMwFHV4lvIKMLJYVEgdUJVUvMYKFsYi0YfUhshxnNaq40S2U6lK+wt8Al/BChMbYkVi4F9w0wy05UqWzuNeXd/jxYxKZVnfxsrq2vrGZmGruL2zu7dvHhw2ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOUNbqd+a0iEpBF/UKOYOCHqcRpQjJSWXLM8brpp4k3Gj1XYZQxmVM5Tf0pds2RVrKzgMrBzUAJ51V3zp+tHOAkJV5ghKTu2FSsnRUJRzMik2E0kiREeoB7paMhRSOSZP6SxzKCTZsdN4Kk2fRhEQj+uYKb+HU5RKOUo9HRniFRfLnpT8T+vk6jg2kkpjxNFOJ4tChIGVQSnSUGfCoIVG2mAsKD62xD3kUBY6TyLOg978fpl0KxW7MvKxf15qXaTJ1MAx+AElIENrkAN3IE6aAAMnsALeAVvxrPxbnwYn7PWFSOfOQJzZXz9AtwCogw=</latexit>

|Vub|2 ⌧ |Vus|2 ⌧ |Vud|2

If                                 , this is a low-energy sign of  
new, beyond the Standard Model (BSM) physics

To determine Vud, Vus from experimental 
measurements, we require precise predictions of 

Mhad

𝛿RC

<latexit sha1_base64="zxdmrrFZWVpRkNB4PGl9ZWBGfmo=">AAACEnicbVDLSsNAFJ3UV62vqEtBBosgKCUpvpZFNy4r2Ae0MUwm03boZBJnJoWSducn+BVudeVO3PoDLvwXp2kW2npg4Nxz7uXOPV7EqFSW9WXkFhaXllfyq4W19Y3NLXN7py7DWGBSwyELRdNDkjDKSU1RxUgzEgQFHiMNr3898RsDIiQN+Z0aRsQJUJfTDsVIack190d1N4n98ei+DI9hWsi0aHPyAG3XLFolKwWcJ3ZGiiBD1TW/236I44BwhRmSsmVbkXISJBTFjIwL7ViSCOE+6pKWphwFRJ74AxrJlDpJetIYHmrTh51Q6McVTNXfwwkKpBwGnu4MkOrJWW8i/ue1YtW5dBLKo1gRjqeLOjGDKoSTfKBPBcGKDTVBWFD9bYh7SCCsdIoFnYc9e/08qZdL9nnp7Pa0WLnKksmDPXAAjoANLkAF3IAqqAEMHsEzeAGvxpPxZrwbH9PWnJHN7II/MD5/AOhbnTA=</latexit>

|Vud|2 + |Vus|2 6= 1
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NTNP: β-decay - possible new physics
What would new (heavy) physics look like?  
 
 
 
 

At very low energy (small q2), the W-propagator looks like a point-interaction  
leading to Fermi’s theory of weak interactions 
 
 
 

If the BSM physics is heavy - it will also look like a point-interaction
It can give rise to corrections that appear like V-A Dirac structure, or different
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NTNP: β-decay - determining Vij

Vud

Vus

Vus

Vud

<latexit sha1_base64="tNDyB7M7ifDVYScEViYf8jmP3Xw=">AAACG3icbZC5TgMxEIa94QrhWqCksYgQFCjaRVxlBA1lkMghZUPkdSaJFa/Xsr1B0SqPwCPwFLRQ0SFaCgreBecoIGEkS5/+f0bj+UPJmTae9+VkFhaXlleyq7m19Y3NLXd7p6LjRFEo05jHqhYSDZwJKBtmONSkAhKFHKph73rkV/ugNIvFnRlIaESkI1ibUWKs1HQPA8nuAxnhQLFO1xCl4gc80jwMOAiJSgORDJvQdPNewRsXngd/Cnk0rVLT/Q5aMU0iEIZyonXd96RppEQZRjkMc0GiQRLaIx2oWxQkAn3c6jOpx9hIx7cN8YE1W7gdK/uEwWP193BKIq0HUWg7I2K6etYbif959cS0LxspEzIxIOhkUTvh2MR4FBRuMQXU8IEFQhWz38a0SxShxsaZs3n4s9fPQ+Wk4J8Xzm5P88WraTJZtIf20RHy0QUqohtUQmVE0SN6Ri/o1Xly3px352PSmnGmM7voTzmfP+UroYg=</latexit>

⇡± ! ⇡0e⌫̄e
<latexit sha1_base64="kIBg0LroVnY7MhTux9hfnv8DSsI=">AAACEHicbZDLSgMxFIYzXmu9jbrURbAILqTMiLdl0Y3LCvYCnVIy6WkbmkmGJFMpQzc+gk/hVlfuxK1v4MJ3MZ12oa0/BD7Ofw4n5w9jzrTxvC9nYXFpeWU1t5Zf39jc2nZ3dqtaJopChUouVT0kGjgTUDHMcKjHCkgUcqiF/ZuxXxuA0kyKezOMoRmRrmAdRomxpZZ7IALFuj1DlJIPOMaAg5CoNBDJqAUtt+AVvUx4HvwpFNBU5Zb7HbQlTSIQhnKidcP3YtNMiTKMchjlg0RDTGifdKFhUZAI9El7wGKdYTPNDhrhI2u2cUcq+4TBWfX3cEoirYdRaDsjYnp61hsX//MaielcNVMm4sSAoJNFnYRjI/E4HdxmCqjhQwuEKma/jWmPKEKNzTBv8/Bnr5+H6mnRvyie350VStfTZHJoHx2iY+SjS1RCt6iMKoiiR/SMXtCr8+S8Oe/Ox6R1wZnO7KE/cj5/ANQInUk=</latexit>

n ! pe⌫̄e
<latexit sha1_base64="sdlZ4cX6NOBdiMKtYv4qgwsmByQ=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBAUJeyKr6PoxaOC0UA2ht7ZSTJkdnad6Y2GJd/gJ/gVXvXkTbyKB//FScxBowUD1VXd9HQFiRQGXffDGRufmJyazs3kZ+fmFxYLS8uXJk4142UWy1hXAjBcCsXLKFDySqI5RIHkV0H7pO9fdbg2IlYX2E14LYKmEg3BAK1UL2z6yO9QR5lKmeSge9S/SSGk7vWWr0WzhaB1fNsv64WiW3IHoH+JNyRFMsRZvfDphzFLI66QSTCm6rkJ1jLQKOyqXt5PDU+AtaHJq5YqiLjZDjsiMQNaywbX9ei6NUPaiLV9CulA/TmcQWRMNwpsZwTYMqNeX/zPq6bYOKxlQiUpcsW+FzVSSTGm/ahoKDRnKLuWANPCfpuyFmhgaAPN2zy80ev/ksudkrdf2jvfLR4dD5PJkVWyRjaIRw7IETklZ6RMGLknj+SJPDsPzovz6rx9t445w5kV8gvO+xeCdqJX</latexit>

nuclear 0+ ! 0+

<latexit sha1_base64="98+YsTK1bAMXf/1+kKBaa6ecZiw=">AAACFnicbZC7TsMwFIadcivlFmBksVohMaAqQdzGChYkliLRi9REkeM4rVXHiWynqIq68wg8BStMbIiVlYF3wU0zQMuRLH3+/3Nkn99PGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmsej6SBJGOWkpqhjpJoKgyGek4w+vp35nRISkMb9X44S4EepzGlKMlJY8s3rrCNofKCRE/ACdhEInSqHjI5E5PJ14+uaZNatu5QUXwS6gBopqeua3E8Q4jQhXmCEpe7aVKDdDQlHMyKTipJIkCA9Rn/Q0chQReRyMaCJzdLN8rQk81GYAw1jowxXM1d/DGYqkHEe+7oyQGsh5byr+5/VSFV66GeVJqgjHs4fClEEVw2lGMKCCYMXGGhAWVH8b4gESCCudZEXnYc9vvwjtk7p9Xj+7O601ropkyuAAVMERsMEFaIAb0AQtgMEjeAYv4NV4Mt6Md+Nj1loyipl98KeMzx+YZp/Z</latexit>

K ! ⇡µ⌫̄µ

<latexit sha1_base64="z/p1V++H55o+1aULot5110P2EJo="></latexit>

K ! µ⌫̄µ
⇡ ! µ⌫̄µ

theoretically clean

experimentally noisy

theoretically messy

experimentally clean

theoretically clean-ish

experimentally clean-ish

theoretically clean

experimentally clean

theoretically clean

experimentally clean

<latexit sha1_base64="NbANGamxXCkeYaxA25Hive3Vymk="></latexit>
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K
<latexit sha1_base64="UtxsND7QLxNJln740qlMALhSbZA="></latexit>
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NTNP: β-decay - determining Vij

Vud

Vus

Vus

Vud

<latexit sha1_base64="tNDyB7M7ifDVYScEViYf8jmP3Xw=">AAACG3icbZC5TgMxEIa94QrhWqCksYgQFCjaRVxlBA1lkMghZUPkdSaJFa/Xsr1B0SqPwCPwFLRQ0SFaCgreBecoIGEkS5/+f0bj+UPJmTae9+VkFhaXlleyq7m19Y3NLXd7p6LjRFEo05jHqhYSDZwJKBtmONSkAhKFHKph73rkV/ugNIvFnRlIaESkI1ibUWKs1HQPA8nuAxnhQLFO1xCl4gc80jwMOAiJSgORDJvQdPNewRsXngd/Cnk0rVLT/Q5aMU0iEIZyonXd96RppEQZRjkMc0GiQRLaIx2oWxQkAn3c6jOpx9hIx7cN8YE1W7gdK/uEwWP193BKIq0HUWg7I2K6etYbif959cS0LxspEzIxIOhkUTvh2MR4FBRuMQXU8IEFQhWz38a0SxShxsaZs3n4s9fPQ+Wk4J8Xzm5P88WraTJZtIf20RHy0QUqohtUQmVE0SN6Ri/o1Xly3px352PSmnGmM7voTzmfP+UroYg=</latexit>

⇡± ! ⇡0e⌫̄e
<latexit sha1_base64="kIBg0LroVnY7MhTux9hfnv8DSsI=">AAACEHicbZDLSgMxFIYzXmu9jbrURbAILqTMiLdl0Y3LCvYCnVIy6WkbmkmGJFMpQzc+gk/hVlfuxK1v4MJ3MZ12oa0/BD7Ofw4n5w9jzrTxvC9nYXFpeWU1t5Zf39jc2nZ3dqtaJopChUouVT0kGjgTUDHMcKjHCkgUcqiF/ZuxXxuA0kyKezOMoRmRrmAdRomxpZZ7IALFuj1DlJIPOMaAg5CoNBDJqAUtt+AVvUx4HvwpFNBU5Zb7HbQlTSIQhnKidcP3YtNMiTKMchjlg0RDTGifdKFhUZAI9El7wGKdYTPNDhrhI2u2cUcq+4TBWfX3cEoirYdRaDsjYnp61hsX//MaielcNVMm4sSAoJNFnYRjI/E4HdxmCqjhQwuEKma/jWmPKEKNzTBv8/Bnr5+H6mnRvyie350VStfTZHJoHx2iY+SjS1RCt6iMKoiiR/SMXtCr8+S8Oe/Ox6R1wZnO7KE/cj5/ANQInUk=</latexit>

n ! pe⌫̄e
<latexit sha1_base64="sdlZ4cX6NOBdiMKtYv4qgwsmByQ=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBAUJeyKr6PoxaOC0UA2ht7ZSTJkdnad6Y2GJd/gJ/gVXvXkTbyKB//FScxBowUD1VXd9HQFiRQGXffDGRufmJyazs3kZ+fmFxYLS8uXJk4142UWy1hXAjBcCsXLKFDySqI5RIHkV0H7pO9fdbg2IlYX2E14LYKmEg3BAK1UL2z6yO9QR5lKmeSge9S/SSGk7vWWr0WzhaB1fNsv64WiW3IHoH+JNyRFMsRZvfDphzFLI66QSTCm6rkJ1jLQKOyqXt5PDU+AtaHJq5YqiLjZDjsiMQNaywbX9ei6NUPaiLV9CulA/TmcQWRMNwpsZwTYMqNeX/zPq6bYOKxlQiUpcsW+FzVSSTGm/ahoKDRnKLuWANPCfpuyFmhgaAPN2zy80ev/ksudkrdf2jvfLR4dD5PJkVWyRjaIRw7IETklZ6RMGLknj+SJPDsPzovz6rx9t445w5kV8gvO+xeCdqJX</latexit>
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<latexit sha1_base64="98+YsTK1bAMXf/1+kKBaa6ecZiw=">AAACFnicbZC7TsMwFIadcivlFmBksVohMaAqQdzGChYkliLRi9REkeM4rVXHiWynqIq68wg8BStMbIiVlYF3wU0zQMuRLH3+/3Nkn99PGJXKsr6M0tLyyupaeb2ysbm1vWPu7rVlnApMWjhmsej6SBJGOWkpqhjpJoKgyGek4w+vp35nRISkMb9X44S4EepzGlKMlJY8s3rrCNofKCRE/ACdhEInSqHjI5E5PJ14+uaZNatu5QUXwS6gBopqeua3E8Q4jQhXmCEpe7aVKDdDQlHMyKTipJIkCA9Rn/Q0chQReRyMaCJzdLN8rQk81GYAw1jowxXM1d/DGYqkHEe+7oyQGsh5byr+5/VSFV66GeVJqgjHs4fClEEVw2lGMKCCYMXGGhAWVH8b4gESCCudZEXnYc9vvwjtk7p9Xj+7O601ropkyuAAVMERsMEFaIAb0AQtgMEjeAYv4NV4Mt6Md+Nj1loyipl98KeMzx+YZp/Z</latexit>

K ! ⇡µ⌫̄µ

<latexit sha1_base64="z/p1V++H55o+1aULot5110P2EJo="></latexit>

K ! µ⌫̄µ
⇡ ! µ⌫̄µ

theoretically clean

experimentally noisy

theoretically messy

experimentally clean

theoretically clean-ish

experimentally clean-ish

theoretically clean

experimentally clean

theoretically clean

experimentally clean

<latexit sha1_base64="NbANGamxXCkeYaxA25Hive3Vymk="></latexit>
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2FKm2

K
<latexit sha1_base64="UtxsND7QLxNJln740qlMALhSbZA="></latexit>
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⇡

The Cabibbo angle “anomaly”

16

VC-Crivellin-Hoferichter-Moulson  2208.11707 

with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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the determination of  Vud from super-allowed nuclear 
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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Nuclear super-allowed 0+→0+ decays 
 
 
 
 

Compare with neutron decay
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NTNP: neutron β-decay - opportunity
The importance of  neutron decays for obtaining a more (the most?) precise determination of  Vud places 
increased scrutiny on our ability to control the radiative QED corrections, ΔR 
 
 
 
 

We believe we know how to compute ΔR, but it is required with a precision of  10-4 

The dispersion theory methods that are used to determine ΔR are well established 
(Cauchy contour integral of  experimental data)


however, recently, it was uncovered that they missed an O(2%) correction to gA 

(ΔR can be thought of  as a correction to gV) 
Cirigliano, de Vries, Hayen, Mereghetti, Walker-Loud, Phys.Rev.Lett. 129 (2022) 2202.10439 

Could there be corrections to ΔR that are missed by the dispersive methods relevant at the 10-4 level? 

The only viable method to cross check the determination of  ΔR is with lattice QCD + QED calculations

Lattice QCD offers a fully non-perturbative method to compute such corrections

<latexit sha1_base64="9U15Lvw5tMkp1DMArT33akktG2A="></latexit>

|Vud|2⌧n
�
1 + 3�2

�
(1 +�R) = 5099.3(3)s

neutron lifetime nucleon axial charge
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Sub-set of  O(50) diagrams

3

a1) b1) c1) d1)

f1) g1) h1) i1)

e1)

j1)

c2)a2) b2)

LO

NLO

FIG. 1: Diagrams contributing to the matching between �PT and /⇡EFT at O(GF↵) (upper panel) and O(GF↵✏�) (lower
panel). Single, double, wavy, and dashed lines denote, respectively, leptons, nucleons, photons, and pions. Dots refer to

interactions from the lowest-order chiral Lagrangians, while diamonds represent insertions of L
e2p0
⇡ . Circled dots denote

interactions from the NLO pion-nucleon Lagrangian.

with the LEC Z⇡ fixed by the relation m
2

⇡± � m
2

⇡0 =
2e2F 2

⇡Z⇡, up to higher-order corrections. Additional
contributions arise from tree-level graphs with one
insertion of higher order Lagrangians. Finally, the
A

e2GF p amplitude is a combination of one-loop diagrams

with one vertex from higher order Lagrangians L
p2

⇡N or

L
e2p0

⇡N (see Fig. 1, lower panel). All relevant e↵ective
Lagrangians are presented in the Supplemental Material,
including a new one needed to absorb divergences from
loops involving virtual baryons, photons, and leptons.

Matching at O(↵) and O(↵✏�) – The diagrams con-
tributing to the matching between �PT and /⇡EFT at
O(✏0�) and O(✏�) are shown in Fig. 1. They imply for
the leading vector and axial operators

gV/A = g
(0)

V/A

"
1 +

1X

n=2

�(n)
V/A,� +

↵

2⇡

1X

n=0

�(n)
V/A,em

+

✓
mu �md

⇤�

◆nV/A 1X

n=0

�(n)
V/A,�m

#
, (5)

where g
(0)

V = 1, �(n)
�,em,�m ⇠ O(✏n�), and nA = 1, nV =

2 [38, 39]. Explicit calculation gives �(0),(1)
A,�m = 0 and

�(0)

V,�m = 0 to the order we work. A non-zero �(0)

V,�m,
such as estimated in Ref. [40], arises to higher order in
the EFT framework. Concerning the chiral corrections

in the isospin limit, �(n)
V,� vanish due to conservation of

the vector current, while �(n)
A,� have been calculated up

to n = 4 in Refs. [41–43], and can for our purposes be
absorbed into a definition of gA in the isospin limit, which
we denote by g

QCD

A .
To O(↵✏0�) we consider the diagrams in Fig. 1, up-

per panel. Diagram (a1) appears in the same form in
both EFTs, and thus does not contribute to the match-
ing. An explicit calculation shows that the O(✏0/⇡) term of

diagrams (b1) and (d1) and (c1) and (e1) cancels, leav-
ing O(✏/⇡) corrections discussed below. Diagrams (g1)
and (j1) vanish exactly at O(✏0�), while (f1), (h1), (i1)
contribute to the vector operator only to be cancelled
by corrections to the nucleon wavefunction renormaliza-
tion (WFR) at zero momentum transfer (q = 0). As a
consequence, gV does not receive loop corrections in the
matching between �PT and /⇡EFT, instead picking up
contributions only from local operators of O(e2p) so that

�(0)

V,em = ĈV . By contrast, the axial operator is modified
through diagram (i1), the WFR, and local operators of
O(e2p), leading to

�(0)

A,em = Z⇡

"
1 + 3g(0)2A

2

✓
log

µ
2

m2
⇡

� 1

◆
� g

(0)2

A

#
+ĈA(µ) .

(6)
Here µ denotes the renormalization scale that appears
in the dimensionally regularized chiral loops. We pro-
vide in the Supplemental Material the explicit depen-
dence of ĈV,A on the LECs of O(e2p). Here we note

that as written, ĈV,A contain information about short-
distance physics and in particular large logarithms con-

photons

pions

pion electromagnetic 
mass splitting

<latexit sha1_base64="YEhwUo7g59kIoZy4Vclh8J/59+o=">AAACJXicbVDLSgMxFM3UV62vqks3wSK40DJTiroRioK4rGAf2MeQSdM2NJkJSaZQhn6Hn+BXuNWVOxFciL9iZjoLbb0Q7rnn3MvNPZ5gVGnb/rQyS8srq2vZ9dzG5tb2Tn53r66CUGJSwwELZNNDijDqk5qmmpGmkARxj5GGN7qO9caYSEUD/15PBOlwNPBpn2KkDeXmHe5GbUG7bcGn3RI8hWltx9UlLEFi8o0bUyX4EGc3X7CLdhJwETgpKIA0qm7+q90LcMiJrzFDSrUcW+hOhKSmmJFprh0qIhAeoQFpGegjTtRJb0yFSmAnSq6cwiMj9mA/kOb5Gibs7+EIcaUm3DOdHOmhmtdi8j+tFer+RSeivgg18fFsUT9kUAcwtgz2qCRYs4kBCEtqvg3xEEmEtTE2Z/xw5q9fBPVS0Tkrlu/KhcpV6kwWHIBDcAwccA4q4BZUQQ1g8AiewQt4tZ6sN+vd+pi1Zqx0Zh/8Cev7B/Jro0Y=</latexit>

m2
⇡± �m2

⇡0 = 2e2F 2
⇡Z⇡

Pion-induced radiative corrections to neutron beta-decay

Cirigliano, de Vries, Hayen, Mereghetti & Walker-Loud, PRL 129 (2022) [2202.10439]

nucleon “structure” 
corrections from the 
pion-cloud of  the nucleon

there are unknown short-distance nucleon corrections that must be 
determined for a complete answer — need lattice QCD!
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NTNP: neutron β-decay - LQCD+QED challenges
Lattice QCD calculations are challenging - but we have demonstrated the ability to control gA 
at the sub-percent level

PRELIMINARY
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Nature 558 (2018) no. 7708, 91-94

Chang et al. [arXiv:1805.12130]

Sierra Early Science

1912.08321
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gA = 1.2711(125) → 1.2641(93)  [0.74%]
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NTNP: neutron β-decay - LQCD+QED challenges
Lattice QCD calculations are challenging - but we have demonstrated the ability to control gA 
at the sub-percent level 

Adding QED to lattice QCD presents new challenges

how to squeeze photons in an L~3x10-15m box?

how to add electrons in the same small box? 

We can begin by computing QED corrections to gA 

and build upon this to compute the full n→pe𝜈 amplitude

The goal is not to control the full calculation at 10-4 precision 
but to control the correlated correction at 10-4 / 𝛼fs ~ 10-2 level

L
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NTNP: neutron β-decay - LQCD+QED challenges
Lattice QCD calculations are challenging - but we have demonstrated the ability to control gA 
at the sub-percent level 

Adding QED to lattice QCD presents new challenges

how to squeeze photons in an L~3x10-15m box?

how to add electrons in the same small box? 

We can begin by computing QED corrections to gA 

and build upon this to compute the full n→pe𝜈 amplitude

The goal is not to control the full calculation at 10-4 precision 
but to control the correlated correction at 10-4 / 𝛼fs ~ 10-2 level

Zack Hall
UNC Chapel Hill

DOE SCGSR @ LBNL

Visiting me this year to begin work 
on this interesting problem

L



Thank You
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QED corrections to neutron β-decay

n

ν̄e

e

p

Recent work uncovered an O(2%) QED correction to gA,  
(previously estimated at 0.2%) 
Cirigliano, de Vries, Hayen, Mereghetti, Walker-Loud, PRL 129 (2022) 

Limiting factor comparing experiment and LQCD to constrain BSM 
right-handed currents

LQCD + QED can be used to determine this correction  

Given that this term was missed with other theory methods, and 
QED corrections need to be controlled at 10-4 level, could there be 
other hadronic corrections important for gV and therefore a 
determination of Vud?  

We need a fully non-perturbative LQCD+QED calculation of neutron 
β-decay to validate the more recent dispersive determinations (or 
uncover larger corrections)
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𝜈-N cross section
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Meyer, Walker-Loud, Wilkinson
Ann. Rev. Nucl. Part. Sci. 72 (2022)

Lattice QCD determination of FA(Q2) is inconsistent with older 
phenomenological extraction

results in 30% increase in 𝜈-N cross section  

Energy dependent change in DUNE near/far detector 

Use novel method (stochastic Laplacian Heaviside) to
solidify LQCD determination
Explore inelastic N-to-Δ transitions - next most important 
contribution to 𝜈-A
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