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NTNP: What Science Questions are we Investigating?
❖ The Standard Model is remarkably successful, but it is at best incomplete

X

No Baryonic Matter,  no Dark Matter,  no Dark Energy,  no Neutrino Mass

• Nuclear physics plays an important role in the search for new physics through a 
“targeted program of  fundamental symmetries and neutrino research that opens new 
doors to physics beyond the Standard Model” (2015 NSAC LRP)  

• Low-energy experiments can reveal new physics through precision measurements of  
SM-allowed processes or by observing SM-suppressed processes
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NTNP: What Science Questions are we Investigating?
❖ NTNP focuses on selected aspects of the targeted program, with the goal of 

providing  state-of-the-art predictions with quantified  uncertainties. 

Precision studies of  neutron and 
nuclear beta decays are exquisite 
probes of  the electroweak interactions 
and can uncover new physics.

NTNP: radiative corrections to 
neutron & nuclear decays and 
implications for new physics

The discovery of  permanent EDMs 
would point to a microscopic ‘arrow of  
time’, with major implications for the 
origin of  the baryon asymmetry.

NTNP:  ab-initio calculations of  Schiff  
moments of  129Xe, 199Hg,  225Ra

Neutrino-nucleus scattering is a chief  
tool to learn about neutrino properties 
in oscillation experiments:  connection 
to DUNE program (HEP).

NTNP:  ab-initio calculations of  
neutrino-nucleus scattering in 
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The three areas share challenges (multi-scale problems!),  techniques, and infrastructure 

Need synergy of  EFT / phenomenology,  lattice QCD,  nuclear structure.
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NTNP: How are we investigating these open questions?
A coordinated, multi-scale theory effort is required 

Effective Field Theory (EFT) and Phenomenology to 
understand how to couple BSM physics, to a Standard Model 
EFT (embed high-mass scale BSM physics in short-distance 
higher-dimensional operators) 

Also use EFT to couple this SM-EFT to a hadronic-level EFT 
of  pions and nucleons 

Use lattice QCD to compute hadronic-level matrix elements 
in terms of  quark and gluon degrees of  freedom 

Could hadronic EFT to many-body nuclear effective theory to 
perform calculations with nuclei 

Use EFT to couple few-body nuclear EFT to no-core shell 
model methods in order to compute properties of  medium 
and large nuclei

This multi-scale problem requires a coordinated effort with a broad set of  expertise including 
Effective Field Theory & Phenomenology, lattice QCD and many-body nuclear methods
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Two selective topics that we are working on
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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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probe even at the HI-LUMI LHC)

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4with 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

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-

2

Vus

Vud

 K→
 μν 

/ π→
 μν 

 

(0.22%)

K→ πlν (0.25%)

unitarity0+ → 0+ (0.031%)
Neutron (0.043%)

18

VC-Crivellin-Hoferichter-Moulson  2208.11707 
and references therein

β decays and CKM unitarity

• Two ‘anomalies’

• At face value point toward vertex 
corrections with Λ~10 TeV (hard to 
probe even at the HI-LUMI LHC)

dj
uig Vij

g

W e−

νe
_

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4

Precision  decaysβ



8
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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-
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The current values for Vus and Vus/Vud given in Eq. (7) are
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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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tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.
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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
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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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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-
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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) =
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sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
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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]
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Figure 2: Representative diagrams contributing to radiative corrections to nuclear b decays. Double solid lines
represent nucleons, single solid lines represent leptons, single (double) wavy lines represent photons (W bosons),
dashed lines represent pions. The quark-W vertex is proportional to Vud . The blue ellipse represents the strong
interaction among nucleons and the red and green ellipses represent the infinite diagrams contributing to the nuclear
wavefunction. In terms of the corrections introduced in Eq. (1), the left topology contributes (in various regimes) to
DV

R and d 0
R, the two middle ones to dNS, and the right one to dC.

and weak interaction eigenstates of quarks. CKM unitarity implies DCKM ⌘ |Vud |2 + |Vus|2 + |Vub|2 �1 = 0,
where Vud , Vus, Vub represent the mixing of up with down, strange, and beauty quarks, respectively. In prac-
tice |Vub|2 < 10�5 can be neglected and CKM unitarity reduces to the original Cabibbo universality, with
the identifications Vud = cosqC and Vus = sinqC, where qC is the Cabibbo angle [2]. Measurements of the b
decay of the neutron and of nuclei, with precision between 0.1% and 0.01%, are very competitive probes of
BSM physics, sensitive to both CKM unitarity and to “non V-A” BSM interactions.

The CKM mixing parameters VuD (D = d,s) are determined from various hadronic and nuclear weak
decays hi ! h f `n` (` = e,µ). Currently, the most precise determination of Vud is obtained by nuclear
0+ ! 0+ decays through the relation [4]

log2
f t

=
G2

Fm5
e |Vud |2

p3 (1+DV
R +d 0

R +dNS �dC) (1)

where t is the measured partial half life, f is a dimensionless phase space factor determined by the measured
Q value, GF is the Fermi constant extracted from muon decay, and DV

R , dNS, d 0
R, and dC are theoretical

corrections of % size. DV
R denotes the so-called “inner radiative corrections” and does not depend on the

particular transition considered: it can be calculated at the single-nucleon level and its nucleon-structure
dependence arises from the so-called g�W box diagrams [5–7] (see top part of left panel in Fig. 2), in which
a virtual photon is exchanged between the electron and the charged hadrons. d 0

R and dNS parameterize the
transition-dependent part of the electromagnetic radiative corrections. d 0

R is the “outer radiative correction”
and depends only on the electron’s energy and the Z of the decay product [8–11] (left panel in Fig. 2). dNS
depends on the nuclear structure details and arises form generalized g �W box diagrams in which a virtual
photon is exchanged between the electron and a proton that is not interacting with the W boson [12–15]
(middle panel in Fig. 2). Finally, dC is a correction arising from isospin breaking effects in the nuclear
wavefunctions, due to the fact that isobaric analog nuclei participating in superallowed transitions are not
pure isospin states in presence of Coulomb (right panel in Fig. 2) and other isospin-breaking nucleon-level
interactions [11, 16–19]. The most recent survey [4] of experimental and theoretical input leads to Vud =
0.97373(31). This incorporates a reduction in the uncertainty in DV

R [5, 7] and an increase in uncertainty due
to nuclear-structure dependent effects with input from Refs. [6, 14, 15]. Currently, the theoretical uncertainty
on the nuclear-structure dependent electromagnetic corrections dNS �dC dominates the error on Vud .

Thanks to higher precision measurements of the lifetime [20] and beta asymmetry [21] (see Ref. [22]
for a recent review), neutron decay is becoming competitive with superallowed beta decays on the precision
of Vud . Following the PDG analysis [23] one finds Vud = 0.97338(33)t(32)gA(10)RC = 0.97338(47), with
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decay of the neutron and of nuclei, with precision between 0.1% and 0.01%, are very competitive probes of
BSM physics, sensitive to both CKM unitarity and to “non V-A” BSM interactions.
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0+ ! 0+ decays through the relation [4]

log2
f t

=
G2

Fm5
e |Vud |2

p3 (1+DV
R +d 0

R +dNS �dC) (1)

where t is the measured partial half life, f is a dimensionless phase space factor determined by the measured
Q value, GF is the Fermi constant extracted from muon decay, and DV

R , dNS, d 0
R, and dC are theoretical

corrections of % size. DV
R denotes the so-called “inner radiative corrections” and does not depend on the

particular transition considered: it can be calculated at the single-nucleon level and its nucleon-structure
dependence arises from the so-called g�W box diagrams [5–7] (see top part of left panel in Fig. 2), in which
a virtual photon is exchanged between the electron and the charged hadrons. d 0

R and dNS parameterize the
transition-dependent part of the electromagnetic radiative corrections. d 0

R is the “outer radiative correction”
and depends only on the electron’s energy and the Z of the decay product [8–11] (left panel in Fig. 2). dNS
depends on the nuclear structure details and arises form generalized g �W box diagrams in which a virtual
photon is exchanged between the electron and a proton that is not interacting with the W boson [12–15]
(middle panel in Fig. 2). Finally, dC is a correction arising from isospin breaking effects in the nuclear
wavefunctions, due to the fact that isobaric analog nuclei participating in superallowed transitions are not
pure isospin states in presence of Coulomb (right panel in Fig. 2) and other isospin-breaking nucleon-level
interactions [11, 16–19]. The most recent survey [4] of experimental and theoretical input leads to Vud =
0.97373(31). This incorporates a reduction in the uncertainty in DV

R [5, 7] and an increase in uncertainty due
to nuclear-structure dependent effects with input from Refs. [6, 14, 15]. Currently, the theoretical uncertainty
on the nuclear-structure dependent electromagnetic corrections dNS �dC dominates the error on Vud .

Thanks to higher precision measurements of the lifetime [20] and beta asymmetry [21] (see Ref. [22]
for a recent review), neutron decay is becoming competitive with superallowed beta decays on the precision
of Vud . Following the PDG analysis [23] one finds Vud = 0.97338(33)t(32)gA(10)RC = 0.97338(47), with

3

e
n

e
n

e
n

(a) (b) (c)

V
ud

V
ud

V
ud

e
n

V
ud

(d)

Figure 2: Representative diagrams contributing to radiative corrections to nuclear b decays. Double solid lines
represent nucleons, single solid lines represent leptons, single (double) wavy lines represent photons (W bosons),
dashed lines represent pions. The quark-W vertex is proportional to Vud . The blue ellipse represents the strong
interaction among nucleons and the red and green ellipses represent the infinite diagrams contributing to the nuclear
wavefunction. In terms of the corrections introduced in Eq. (1), the left topology contributes (in various regimes) to
DV

R and d 0
R, the two middle ones to dNS, and the right one to dC.

and weak interaction eigenstates of quarks. CKM unitarity implies DCKM ⌘ |Vud |2 + |Vus|2 + |Vub|2 �1 = 0,
where Vud , Vus, Vub represent the mixing of up with down, strange, and beauty quarks, respectively. In prac-
tice |Vub|2 < 10�5 can be neglected and CKM unitarity reduces to the original Cabibbo universality, with
the identifications Vud = cosqC and Vus = sinqC, where qC is the Cabibbo angle [2]. Measurements of the b
decay of the neutron and of nuclei, with precision between 0.1% and 0.01%, are very competitive probes of
BSM physics, sensitive to both CKM unitarity and to “non V-A” BSM interactions.

The CKM mixing parameters VuD (D = d,s) are determined from various hadronic and nuclear weak
decays hi ! h f `n` (` = e,µ). Currently, the most precise determination of Vud is obtained by nuclear
0+ ! 0+ decays through the relation [4]

log2
f t

=
G2

Fm5
e |Vud |2

p3 (1+DV
R +d 0

R +dNS �dC) (1)

where t is the measured partial half life, f is a dimensionless phase space factor determined by the measured
Q value, GF is the Fermi constant extracted from muon decay, and DV

R , dNS, d 0
R, and dC are theoretical

corrections of % size. DV
R denotes the so-called “inner radiative corrections” and does not depend on the

particular transition considered: it can be calculated at the single-nucleon level and its nucleon-structure
dependence arises from the so-called g�W box diagrams [5–7] (see top part of left panel in Fig. 2), in which
a virtual photon is exchanged between the electron and the charged hadrons. d 0

R and dNS parameterize the
transition-dependent part of the electromagnetic radiative corrections. d 0

R is the “outer radiative correction”
and depends only on the electron’s energy and the Z of the decay product [8–11] (left panel in Fig. 2). dNS
depends on the nuclear structure details and arises form generalized g �W box diagrams in which a virtual
photon is exchanged between the electron and a proton that is not interacting with the W boson [12–15]
(middle panel in Fig. 2). Finally, dC is a correction arising from isospin breaking effects in the nuclear
wavefunctions, due to the fact that isobaric analog nuclei participating in superallowed transitions are not
pure isospin states in presence of Coulomb (right panel in Fig. 2) and other isospin-breaking nucleon-level
interactions [11, 16–19]. The most recent survey [4] of experimental and theoretical input leads to Vud =
0.97373(31). This incorporates a reduction in the uncertainty in DV

R [5, 7] and an increase in uncertainty due
to nuclear-structure dependent effects with input from Refs. [6, 14, 15]. Currently, the theoretical uncertainty
on the nuclear-structure dependent electromagnetic corrections dNS �dC dominates the error on Vud .

Thanks to higher precision measurements of the lifetime [20] and beta asymmetry [21] (see Ref. [22]
for a recent review), neutron decay is becoming competitive with superallowed beta decays on the precision
of Vud . Following the PDG analysis [23] one finds Vud = 0.97338(33)t(32)gA(10)RC = 0.97338(47), with

3

Figure 2: Representative diagrams contributing to radiative corrections to nuclear b decays. Double solid lines
represent nucleons, single solid lines represent leptons, single (double) wavy lines represent photons (W bosons),
dashed lines represent pions. The quark-W vertex is proportional to Vud . The blue ellipse represents the strong
interaction among nucleons and the red and green ellipses represent the infinite diagrams contributing to the nuclear
wavefunction. In terms of the corrections introduced in Eq. (1), the left topology contributes (in various regimes) to
DV

R and d 0
R, the two middle ones to dNS, and the right one to dC.

and weak interaction eigenstates of quarks. CKM unitarity implies DCKM ⌘ |Vud |2 + |Vus|2 + |Vub|2 �1 = 0,
where Vud , Vus, Vub represent the mixing of up with down, strange, and beauty quarks, respectively. In prac-
tice |Vub|2 < 10�5 can be neglected and CKM unitarity reduces to the original Cabibbo universality, with
the identifications Vud = cosqC and Vus = sinqC, where qC is the Cabibbo angle [2]. Measurements of the b
decay of the neutron and of nuclei, with precision between 0.1% and 0.01%, are very competitive probes of
BSM physics, sensitive to both CKM unitarity and to “non V-A” BSM interactions.

The CKM mixing parameters VuD (D = d,s) are determined from various hadronic and nuclear weak
decays hi ! h f `n` (` = e,µ). Currently, the most precise determination of Vud is obtained by nuclear
0+ ! 0+ decays through the relation [4]

log2
f t

=
G2

Fm5
e |Vud |2

p3 (1+DV
R +d 0

R +dNS �dC) (1)

where t is the measured partial half life, f is a dimensionless phase space factor determined by the measured
Q value, GF is the Fermi constant extracted from muon decay, and DV

R , dNS, d 0
R, and dC are theoretical

corrections of % size. DV
R denotes the so-called “inner radiative corrections” and does not depend on the

particular transition considered: it can be calculated at the single-nucleon level and its nucleon-structure
dependence arises from the so-called g�W box diagrams [5–7] (see top part of left panel in Fig. 2), in which
a virtual photon is exchanged between the electron and the charged hadrons. d 0

R and dNS parameterize the
transition-dependent part of the electromagnetic radiative corrections. d 0

R is the “outer radiative correction”
and depends only on the electron’s energy and the Z of the decay product [8–11] (left panel in Fig. 2). dNS
depends on the nuclear structure details and arises form generalized g �W box diagrams in which a virtual
photon is exchanged between the electron and a proton that is not interacting with the W boson [12–15]
(middle panel in Fig. 2). Finally, dC is a correction arising from isospin breaking effects in the nuclear
wavefunctions, due to the fact that isobaric analog nuclei participating in superallowed transitions are not
pure isospin states in presence of Coulomb (right panel in Fig. 2) and other isospin-breaking nucleon-level
interactions [11, 16–19]. The most recent survey [4] of experimental and theoretical input leads to Vud =
0.97373(31). This incorporates a reduction in the uncertainty in DV

R [5, 7] and an increase in uncertainty due
to nuclear-structure dependent effects with input from Refs. [6, 14, 15]. Currently, the theoretical uncertainty
on the nuclear-structure dependent electromagnetic corrections dNS �dC dominates the error on Vud .

Thanks to higher precision measurements of the lifetime [20] and beta asymmetry [21] (see Ref. [22]
for a recent review), neutron decay is becoming competitive with superallowed beta decays on the precision
of Vud . Following the PDG analysis [23] one finds Vud = 0.97338(33)t(32)gA(10)RC = 0.97338(47), with
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Schiff moments, which determine the EDMs of diamagnetic atoms such as 129Xe, 199Hg, 225Ra and 229Pa.
The landscape of EDM searches is quite diverse and cuts across various communities, from atomic and
molecular physics to nuclear and high-energy physics [61]. The DOE NP presence in this area is substantial,
with leading efforts in the neutron EDM (ORNL) and the EDMs of 129Xe, 199Hg, 225Ra and 229Pa, and with
exciting prospects for developing an EDM program at FRIB [77], where the isotope harvesting program
[78] will produce radioactive isotopes such as 225Ra that have enhanced Schiff moments. We will engage
with all the relevant communities to make sure that ideas for future experiments are coupled to state-of-the
art theory, so that either positive or null results can be usefully interpreted.

2.3 Lepton-nucleus scattering

✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

DUNE

Figure 4: Total neutrino per nucleon charged current cross
section adapted from Ref. [79].

Neutrino oscillations are the only beyond the Stan-
dard Model (BSM) physics processes that have
been indisputably observed in terrestrial experi-
ments, implying that neutrinos are massive parti-
cles. The origin of their masses—orders of mag-
nitudes smaller than their leptonic companions—
is among the compelling open questions to be ad-
dressed by the DOE intensity frontier program. The
Deep Underground Neutrino Experiment (DUNE)
will determine the ordering of neutrino masses and
measure the CP-violating Dirac phase with un-
precedented accuracy. In order to achieve the max-
imum sensitivity of DUNE, precise theoretical pre-
dictions of neutrino scattering cross sections on tar-
get nuclei are essential. Total cross section uncertainties of 2% are assumed in sensitivity studies described
in the DUNE Conceptual Design Report, and a decrease from 3% to 1% cross section uncertainty is es-
timated to lead to a factor of two decrease in the total exposure required to achieve 5s discovery of CP
violation [80]. Accelerator-neutrino experiments are also a test-bed for BSM theories. For instance, the
existence of a fourth (sterile) neutrino has been proposed to explain the excess of electron neutrinos from
charged current quasi-elastic events reported by the MiniBooNE collaboration [81]. A detailed understand-
ing of neutrino scattering from nuclei is required to both extract neutrino oscillation parameters and reliably
claim discovery of new physics. In neutrino experiments one extracts the oscillation parameters from the
oscillation probabilities that depend on the neutrinos’ initial energy. The latter is a-priori unknown and has
to be reconstructed from the hadronic final states observed in the detector and, in the case of charged-current
transitions, from the kinematics of the outgoing lepton and hadrons. The reconstruction procedure heavily
relies on accurate theoretical calculations of neutrino-nucleus and neutrino-nucleon cross sections. Simulat-
ing neutrino-nucleus interactions for DUNE with a few percent uncertainty is a tremendously challenging
task due to the broad distribution of neutrino energies that will be produced at the Long Baseline Neutrino
Facility (LBNF). This is schematically shown in Fig. 4, broken down according to a variety of reaction
mechanisms involving nucleonic and nuclear degrees of freedom. At energies of the order of hundreds of
MeV, the leading mechanism is quasi-elastic scattering, in which the probe interacts primarily with individ-
ual nucleons inside the nucleus. Corrections to this leading mechanism arise from processes in which the
lepton couples to pairs of interacting nucleons. The higher energy region is dominated by the production of
baryon resonance states that quickly decays into pions or give rise to deep inelastic scattering (DIS). Each of
these regimes requires knowledge of the nuclear ground state and the electroweak coupling and propagation
of the struck nucleons, clusters of correlated nucleons, hadrons, or partons.

Concurrent to the neutrino oscillation programs, experiments carried out at the Thomas Jefferson Na-
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• NTNP objectives: First-principles calculations of 
inclusive and exclusive cross sections 

• Lattice QCD input on single-nucleon                        
form factors (elastic and not) 

• EFT-based nuclear interactions and currents:  retain 
key many-body correlations  

• Validation: use multiple many-body methods for 
A=4,12,16,40 & JLAB data on electron scattering 

❖ The success of neutrino oscillations experiments 
(such as DUNE) requires knowing neutrino-
nucleus cross sections at few % level over a broad 
range of energies (flux determination, ν energy 
reconstruction , …)

 scatteringν − A
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𝜈-N cross section
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Lattice QCD determination of  FA(Q2) is inconsistent with older 
phenomenological extraction


results in 30% increase in 𝜈-N cross section

Some of  this uncertainty comes from 
nucleon electromagnetic form factors

This discrepancy impacts the ability to 
interpret neutrino oscillation parameters
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𝜈-N cross section
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 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𝜈-N cross section
Need to solidify lattice QCD result


one final systematic that must be verified with more sophisticated calculational strategy 
1-2 years


Need to incorporate modern lattice QCD information into event generators

Significant potential for synergy with  scattering program @ JLab 

Need to compute resonant inelastic structure,  and  
starting now - this is a 5+ year effort


Results from these more complex processes need to be incorporated into the nuclear many-body 
calculations 
a major goal of  NTNP is to build the pipeline of  lattice QCD results to nuclear many-body calculations

e − A

N → Δ N → Nπ, N → Nππ, …
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Future directions
2. State of  the Field

N
uc

l. 
P

hy
s.

 B
26

4 
22

1 
(1

98
6)

Δ++(1232)

Δ0(1232)

W2 = (ΣE)2 - |Σp|2

νµp→ µ-pπ+
νµp→ µ+pπ-

Indeed not!


Our pion production model uses 
a description of resonance 
production that is “naive and 
obviously wrong in its simplicity” 
[F.K.R. PRD3 (1971)]


I trust some bright motivated 
physicists will fix this soon

Current models are unsatisfactory:

Simplistic description of neutrino-nucleon interaction

Unsophisticated description of the nucleus 

Heavy reliance on old data (experiments shut down) 

~10% uncertainties on effective parameters at best
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𝜈-N cross section
Need to solidify lattice QCD result


one final systematic that must be verified with more sophisticated calculational strategy 
1-2 years


Need to incorporate modern lattice QCD information into event generators

Significant potential for synergy with  scattering program @ JLab 

Need to compute resonant inelastic structure,  and  
starting now - this is a 5+ year effort


Results from these more complex processes need to be incorporated into the nuclear many-body 
calculations 
a major goal of  NTNP is to build the pipeline of  lattice QCD results to nuclear many-body calculations 

This will also require quantitatively mapping out convergence pattern of  baryon chiral perturbation 
theory 
In order to fully quantify the theory uncertainty, we must start with convergence of  single nucleon

e − A

N → Δ N → Nπ, N → Nππ, …
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Many more research endeavors NTNP is working on… 
with many potential connections to JLab Physics Program



Thank You


