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The questions driving this TC
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• 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  



• NTNP focuses on selected aspects of the targeted program, with the goal of providing  
state-of-the-art predictions with quantified  uncertainties. 
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High level goals

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 A=4,12,16,40
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the origin of the baryon asymmetry.
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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 A=4,12,16,40

The three thrusts share challenges (multi-scale problems!),  techniques, and infrastructure 
Need synergy of EFT / phenomenology,  lattice QCD,  nuclear structure.



Structure of the collaboration
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Lattice QCD Nuclear Structure 

Nuclear Theory for New Physics 
co-chairs:  Vincenzo Cirigliano & Saori Pastore

Andre’  Walker-Loud Emanuele Mereghetti Heiko Hergert

EFT / 
phenomenology 

DEI Coordinator: Maria Piarulli

Neutrino properties & CP violationT & CP violation and  the Origin of Matterβ decays and new particles                
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Figure 9: Organization and high-level goals of the NTNP Topical Collaboration.

sub-community or each participating institution. Examples of this include (but are not limited to) the “in
house” ability to (i) connect energy scales, i.e. use state of the art hadronic input from EFT and LQCD into
many-body nuclear calculations; (ii) solve a given problem with multiple methods, enabling benchmarking
and uncertainty assessments. As an added benefit, the NTNP collaboration will provide support and guid-
ance to the experimental community working on fundamental symmetries and neutrinos. To achieve this
vision, collaboration-wide activities will be essential. We plan to hold semi-annual collaboration meetings
(one in person and one online per year) as well as quarterly thrust meetings (most likely online). We will
engage the experimental community by inviting experimental colleagues to our meetings.

Workforce development: NTNP will foster workforce development in multiple ways. We will train gradu-
ate students and postdocs at participating institutions. Being part of NTNP will benefit junior researchers by
(i) immersing them in a cutting edge research environment; (ii) exposing them to a number of sub-fields of
nuclear theory that are synergistic with their own area of research; (iii) fostering an inclusive environment
where researchers at all career stages will thrive. Last but not least, NTNP will sponsor bridge faculty posi-
tions at Carnegie Mellon University and Old Dominion University, thus boosting the theoretical support for
the NP experimental program in fundamental symmetries.

Diversity, Equity, and Inclusion (DEI): The DEI coordinator will lead the NTNP TC efforts in:
(i) Fostering an inclusive, diverse, and equitable environment in all the collaboration-wide activities,

such as online and in-person meetings. In all these events, NTNP TC will follow the American Physi-
cal Society Code of Conduct. Moreover, by prioritizing the allocation of travel funds, we will maximize
attendance of students and postdocs from underrepresented groups in physics at the NTNP annual meetings.

(ii) Building a more diverse nuclear theory workforce for the future. We will pay special attention to
making our searches for postdocs and faculty as diverse as possible. We plan to achieve this by (i) broadly
advertising the positions, which will include posting the job ads on the National Society for Black Physi-
cists and the Advancing Chicanos/Hispanics and Native Americans in Science web pages, as well as other
designated channels such as the American Physical Society Inclusion, Diversity, and Equity Alliance (APS-
IDEA); (ii) actively surveying leaders in the field to help identify possible candidates; (iii) asking for a diver-
sity statement in the application packages and following up on this during the interviews / selection process.
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EDM-3: Final VS-IMSRG results with uncertainties for Schiff moments of 199Hg and 129Xe.
XSEC-2: Compute the N ! D transition and pion production from electro-weak currents with sLapH.
XSEC-3: Begin LQCD calculations of two-nucleon axial matrix elements.
XSEC-4: GFMC, SF, STA, and AFDMC calculations of inclusive electroweak cross sections in A = 4,16.
XSEC-5: Relativistic effects in the STA and tests on 4He. R&D to extend STA to include exclusive channel.

Year 4:
BETA-3: R&D to extend VMC and AFDMC calculations of the dC in A = 14,18 systems.
BETA-3: CC calculations of the dC for relevant medium-mass nuclei.
BETA-3: R&D to extend the STA to account for the g-W box diagram. Test studies in A = 3 and 4.
BETA-4: Study impact of LQCD radiative corrections to DV

R and DA
R �DV

R on CKM unitarity and BSM.
EDM-3: Preliminary IM-GCM Schiff moment in 225Ra.
XSEC-3: Perform LQCD calculations of NN electroweak matrix elements.
XSEC-4: QMC, SF, and STA calculations of inclusive cross sections in A = 12,16 and R&D for 40Ca.
XSEC-5: Relativistic effects in STA and tests on 12C. Preliminary results in STA of p-production induced
by electrons for A = 3. Exclusive results for neutrino- and electron-12C cross sections in SF formalism.

Year 5:
BETA-3: VMC and AFDMC calculations of the dNS in A = 14,18 systems.
BETA-3: Calculations of the box diagram in A = 10 systems using the STA and GFMC.
BETA-3: CC calculations of the dNS for 14O ! 14N.
BETA-4: Study impact of ab initio calculation of dC and dNS on CKM unitarity.
EDM-3: Final IM-GCM Schiff moment, with uncertainty analysis, in 225Ra.
XSEC-3: Perform LQCD calculations of NN electroweak matrix elements.
XSEC-4: Preliminary results for the electroweak cross sections in 40Ca.
XSEC-5: Determination of theoretical uncertainties. STA results of p-production induced by electrons in
A = 4 systems. Exclusive results for neutrino- and electron-16O cross section in the SF formalism.

5 NTNP structure, management & workforce development

Scott Bogner and Andrea Shindler (MSU); Joseph Carlson, Stefano Gandolfi, and Ingo Tews (LANL);
Bhupal Dev (Washington University in St Louis); Jonathan Engel and Amy Nicholson (UNC); Gaute
Hagen (ORNL); Wick Haxton (UC Berkeley); Alessandro Lovato and Robert Wiringa (ANL); S. Rag-
nar Stroberg (Notre Dame); Colin Morningstar (CMU); Thomas Papenbrock and Lucas Platter (UT);
Michael Ramsey-Musolf (UMass/Shanghai Jiao Tong University); Noemi Rocco (FNAL); Rocco Schiav-
illa (ODU/JLab).
The team: The collaboration will be led by an Executive Team that includes (i) Vincenzo Cirigliano
(INT, University of Washington) and Saori Pastore (Washington University St. Louis) as co-chairs who
will coordinate all the collaboration activities; (ii) Heiko Hergert (Michigan State University), Emanuele
Mereghetti (LANL), André Walker-Loud (LBNL, UC Berkeley), as coordinators of the scientific activ-
ities in nuclear structure, effective field theory, and lattice gauge theory, respectively; (iii) Maria Piarulli
(Washington University St. Louis) as coordinator for workforce development and Diversity, Equity, and
Inclusion. The Executive Team will integrate the different collaboration activities, ensure that collaboration
stays on track with the stated goals, and make decisions on budgetary matters. The structure and high-
level goals of the collaboration are summarized in Fig. 9. The other members of the NTNP TC are: Scott
Bogner and Andrea Shindler (MSU); Joseph Carlson, Stefano Gandolfi, and Ingo Tews (LANL); Bhu-
pal Dev (Washington University in St Louis); Jonathan Engel and Amy Nicholson (UNC); Gaute Hagen
(ORNL); Wick Haxton (UC Berkeley); Alessandro Lovato, S. Ragnar Stroberg and Robert Wiringa
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Thrust 1:  precision β decays 
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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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• Two tantalizing ‘anomalies’

• At face value point toward vertex 
corrections with ΛBSM~10 TeV (hard to 
probe even at the HI-LUMI LHC)
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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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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
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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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increase in case ⌧ decays are included.
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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-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
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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
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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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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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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
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sive parameterization from Ref. [71], constrained by data from
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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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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]
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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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• Permanent EDMs of nucleon, nuclei, atoms, molecules are very sensitive to new sources 
of CP (T) violation,  probing scales up to 103 TeV 

• Nucleon and diamagnetic atoms EDMs plagued by O(1) 
strong-interaction uncertainties:  large dilution of physics 
sensitivity (e.g. to CPV couplings of the Higgs)!

• EDMs of diamagnetic atoms controlled by the 
nuclear Schiff moment (S) 

• NTNP objectives: 

• First calculations of nuclear Schiff moments with ab-initio methods:  VS-IMSRG for 
129Xe, 199Hg and IM-GCM for 225Ra 

• Uncertainty estimate by studying convergence pattern in various expansions 
(chiral potentials,  many body calculation)  

that in Eq. (4.165) is restricted to protons. Rotational symmetry lets us express the ground-state
matrix elements of the three vector Schi↵ operators in terms of a single quantity:

S ⌘ h 0|Sz | 0i , (4.167)

where | 0i is the member of the ground-state multiplet with Jz = J .
The charge-distribution part of the Schi↵ moment, Sch, can only be induced by an e↵ective T� and

P -violating inter-nucleon interaction. Most studies have been dedicated to the OPE part of the TVPV
potential (4.158). The moment SN can have many sources, as we have seen, and can depend on other

quantities besides the ḡ(i)⇡ .
Equation (4.165) is, as mentioned, only approximate. Corrections come from nuclear quadrupole

deformation (which introduces a term proportional to the nuclear quadrupole moment), from relativity
in electronic wave functions (which gives terms of order (Z↵)2) [122, 123], and more subtle electron-
nucleus interactions [124], the complete forms of which are still not entirely settled. Equation (4.158)
is also only approximate, representing the leading-order part of the chiral e↵ective potential. Contact
terms and higher-order pieces in e↵ective field theory (which in heavy systems would be hard to control)
or heavier-meson exchange in older frameworks will modify VTV PV . At present, however, nuclear-
structure theorists have not incorporated any of these corrections save (occasionally) those of order
(Z↵)2 into their calculations of Schi↵ moments.

Beyond-the-standard-model and hadronic physics, as we have seen, determine the ḡ(i)⇡ and the nu-
cleon EDMs. The job of nuclear-structure theory, within the framework just defined, is to determine
the dependence of the Schi↵ moment on these quantities. (Atomic physics in turn determines the de-

pendence of the atomic EDM on the Schi↵ moment.) Here we examine only the dependence on the ḡ(i)⇡

and d(i); the dependence on the nucleon EDMs can be computed as well, but is weaker. Only a few of
the calculations cited below (e.g., Ref. [125]) considers this weak dependence. We can parameterize the

dependence on the ḡ(i)⇡ as follows:

S =
2mNgA
F⇡

�
a0 ḡ

(0)

⇡
+ a1 gḡ

(1)

⇡
+ a2 ḡ

(2)

⇡

�
. (4.168)

All nuclear structure information is thus encoded in the coe�cients ai, which have units e fm3.
In what follows we discuss attempts to calculate the ai in several important nuclei. Most take

advantage of the weakness of VTV PV compared to nuclear energies and approximate S in Eq. (4.167,
essentially perfectly, by

S =
X

i 6=0

h�0|Sz |�ii h�i|VTV PV |�0i
E0 � Ei

+ c.c. , (4.169)

where |�0i is the “unperturbed” ground state — that obtained with VTV PV turned o↵ — and the |�ii
are the corresponding excited nuclear states.

4.2.1 199Hg

The atom associated with this nucleus has for years had the best limit on its EDM, and so 199Hg has
received more attention by nuclear-structure theorists than any other nucleus (though still not nearly
enough, as we argue below). Calculations range from the extremely schematic to the very sophisticated.
The table below quotes the results of four, with brief (and inadequate) phrases signifying the techniques
they employ. (A more extensive table, reporting several of the di↵erent estimates in, e.g., Ref. [125]
as well as earlier versions of the 225Ra numbers presented in a later table can be found in Ref. [126].)
The first nontrivial calculation was that of Ref. [127]; it approximated the unperturbed states in Eq.
(4.169) by the eigenstates of a simple one-body potential and then treated VTV PV approximately as
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The perturbing Hamiltonian (the last term above) shifts the unperturbed ground state |0i to

|0̃i = |0i+
X

m

|mi hm|Hd |0i
E0 � Em

= |0i+
X

m

|mi hm| i
P

k
(1/ek)~dk · ~pk |0i (E0 � Em)

E0 � Em

=

 
1 + i

X

k

(1/ek)~dk · ~pk

!
|0i (4.161)

The induced dipole moment ~d0 is then

~d0 = h0̃|
X

j

ej~rj |0̃i

= i h0|
"
X

j

ej~rj,
X

k

(1/ek)~dk · ~pk

#
|0i = �

X

k

~dk

= �~d , (4.162)

so that the net dipole moment of the entire system vanishes. The assumptions underlying this result
are that the constituents are point-like, non-relativistic, and non-interacting except via the Coulomb
force. In real systems, none of these assumptions hold fully. As we shall see immediately below,
the finite nuclear size essentially leads to the replacement the nuclear dipole operator by the nuclear
“Schi↵ operator,” which contains two extra powers of the nucleon coordinate. Moments due to finite
nuclear size are thus generically smaller by O (R2

nucl.
/R2

atom
) than the unscreened nuclear EDM. In

diamagnetic atoms, the nuclear physics of which is discussed next, this suppression is mitigated by
relativistic electrons and can be further mitigated by nuclear octupole deformation. In paramagnetic
atoms, discussed in the next section, relativistic electrons can lead to a large enhancement of the atomic
EDM.

Further analysis leads to the result that the post-screening CP-violating nucleus-electron interaction
is

H = 4⇡~S · ~r�3(~r) + . . . , (4.163)

where the omitted terms come from higher multipoles, e.g. the nuclear magnetic quadrupole (M2) and
electric octupole (E3) multipoles. The operator S is the nuclear Schi↵ operator, defined as

~S = ~Sch + ~SN (4.164)

with

~Sch =
e

10

ZX

p=1

✓
r2
p
� 5

3
hr2i

ch

◆
~rp (4.165)

~SN =
1

6

AX

j=1

~rj (r
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j
� hr2i

ch
)

+
1

5

AX

j=1

✓
~rj(~rj · ~dj)�

r2
j

3
~dj

◆
+ . . . . (4.166)

Here ~Sch is due to the charge distribution of the nucleus (usually the dominant piece), ~SN is due to
the EDM of the nucleon, e is the charge of the proton, hr2i

ch
is the mean squared radius of the nuclear

charge distribution, and ~dj is the EDM of nucleon j. The sum in Eq. (4.166) is over all nucleons, while
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• 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 , …)

Thrust 3: neutrino-nucleus scattering

8

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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tional Accelerator Facility (JLab) [82] and other facilities worldwide enable us to understand many-body
dynamics at play in lepton scattering processes. For example, these experimental efforts have highlighted
the importance of the tensor component of the two-nucleon interaction by the observation of a large excess
of neutron-proton correlated pairs with respect to the proton-proton and neutron-neutron ones [83–85]. In
this context, calculations of electron-nucleus scattering are of great importance to validate our theoretical
models because they allow for a direct comparison against the available data which are abundant and known
(in most cases) with great experimental accuracy.

The ab initio community has been, to date, primarily focused on calculations of inclusive processes
induced by electrons and neutrinos scattering from nuclei. These calculations yield a complex picture of the
way electrons and neutrinos interact with nuclei, where many-body correlations and electroweak currents
play a major role in explaining the experimental data. These calculations, due to the high computational
cost, have been limited to light nuclei (A  12), while the active material in the DUNE detector is liquid
40Ar. One of the next goals is then to develop new algorithms that allow for cross section calculations
of larger nuclear system without losing the resolution acquired in the ab initio framework, that is without
losing the important many-body correlations and electroweak currents required to accurately explain the
data. Other very important developments within this thrust are: i) inclusion of relativistic kinematic effects
in the nuclear cross sections; ii) accurate calculations of exclusive processes, such as pion production; and
iii) reliable estimates of theoretical uncertainties. These will be investigated in this proposal.
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Figure 5: Predictions of the n �N cross section, from the re-
view [86], as described in the text.

The building blocks for an ab initio nu-
clear response function are the nucleonic elec-
troweak form factors, the pion production
amplitudes, and two-nucleon response func-
tions. While the electromagnetic contributions
are well determined from the large wealth of
available experimental data, the axial contri-
butions are affected by large uncertainties and
challenges with isolating the various contribu-
tions, including the most fundamental single
nucleon contributions. For example, Fig. 5,
from the review [86], shows the predicted
n�N charged current cross section using vari-
ous phenomenological extractions of the elec-
tromagnetic (EM) and axial form factor contributions. The lower, outer band is the full uncertainty from
z-expansion parameterizations where the axial form factor, FA(Q2), is extracted from deuterium target
data [87]. The two inner bands arise from different parameterizations of the proton magnetic form fac-
tor from Ref. [88] (BBBA05) and Ref. [89]. When FA is instead taken from the latest lattice QCD (LQCD)
results [90–97], the strikingly different upper (red) band is obtained [86]. While the LQCD results are not
yet finalized, they uniformly predict a slower fall off in Q2 as compared to the phenomenological extrac-
tions, which leads to the ⇡ 30% enhancement of the n �N cross section depicted in Fig. 5. The challenge
of definitively determining the simplest of all the n �A ingredients highlights the overall difficulty of the
problem as well as the critical role for LQCD. LQCD can provide a first principles prediction for the nucleon
form factors with fully quantified and systematically improvable uncertainties.

Moving beyond this simplest quantity, LQCD can also be used to determine the resonant N ! D tran-
sition, and more generally, the pion-production amplitude in the resonant region. Such quantities are even
more challenging to extract phenomenologically. In order to gain confidence in the LQCD determination
of these more complex processes, it is critical to first finalize the determination of the single nucleon form
factors. Achieving this goal, and determining the N ! D transitions will require the use of known methods
to move beyond the state-of-the-art calculations.
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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 



• NTNP will foster workforce development in multiple ways,  by 

• Providing welcoming and inclusive environment for all the participating researchers 

• Facilitating discussions and scientific collaborations across sub-fields of nuclear theory

• Training and supporting the next generation of nuclear theorists: the majority of allocated  
funds will support graduate students and postdocs  

• Sponsoring two bridge junior faculty positions, one at Carnegie Mellon University and one 
at Old Dominion University

Workforce development & DEI

9
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NTNP @ INT / UW:  people 

Maria Dawid
PhD student
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Chien-Yeah Seng 
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Postdoctoral Researcher
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UW Nuclear 
Theory 

Vincenzo Cirigliano
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Expertise:  EFTs from BSM to nuclear physics;  radiative corrections;  BSM phenomenology 

NTNP will leverage expertise and “ecosystem” of the INT & UW Nuclear Theory groups
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NTNP @ INT / UW:  research 

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

0.960 0.965 0.970 0.975
0.220

0.222

0.224
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V

us

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%)

• We will focus primarily on the beta decay thrust 

• Radiative corrections to neutron decay

• EFT for A=2 systems to O(GFα)

• Construct the two-body transitions operators for δC and  δNS, in chiral EFT

• Connection to “precision electroweak measurements” & BSM implications

Figure 2. The 1� constraints from EWPO in green, a global (single-coupling) analysis of LHC measure-
ments in (dashed) red, and low-energy beta decays in blue.

on: C(1)
lq

, C(3)
lq

, Cqe, Clu, Cld, Ceu, and Ced.
The resulting constraints from EWPO, �CKM, and the LHC are shown in Fig. 2. As men-

tioned above, a simultaneous explanation of mW and �CKM requires a nonzero value of C(3)
lq

,
which implies effects in collider processes. The single-coupling bound from pp ! ll in Eq. (3.7) is
already close to excluding the overlap of the EWPO and �CKM regions, while a global fit allows
for somewhat more room. Nevertheless, should the current discrepancy in the EWPO fit hold,
the preference for a nonzero C(3)

lq
could be tested by existing 13 TeV pp ! ll [45] and pp ! l⌫

data [46], and, in the future, at the HL-LHC.

4 Conclusion

In this note we have pointed out that global analyses of EWPO (beyond oblique parameters)
in the general SMEFT framework, while explaining the W -boson mass anomaly tend to predict
a large, % level, violation of Cabibbo universality, parameterized by �CKM. This result is not
consistent with precision beta decay and meson decay phenomenology and calls for the inclusion
of first-row CKM unitarity test in the set of EWPO, which is not commonly done. The inclusion
of �CKM also requires adding O(3)

lq
to the set of SMEFT operators usually adopted in EWPO

analyses. We have illustrated this and shown that in this case Cabibbo universality can be
recovered at the 0.1% level while still explaining the W mass anomaly. This extended scenario

– 6 –

Institutions involved:   LANL,  UCB,  UMass,  UTK,  UW,  WUSTL  

e
n

e
n

e
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(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



• Report from DEI coordinator

• Planning and status of bridge faculty positions 

• Report from institutional PIs

In the next 40 minutes
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Thank you!

Bruno Touschek 
(1921-1978)

T. D. Lee in a drawing by 
Bruno Touschek 





NTNP Bridge Position Status at ODU

Search is underway for bridge position at (tenure-track)

assistant professor level in areas relevant to the TC

research program (expected start date Fall 2023)

Position will be converted to a joint one within the JLab

Theory Center after the three-year bridge funding ends

Joint ODU/JLab search committee with 4 members

from each institution

Application deadline was Jan 31, 2023, but later

applications will also be reviewed

R. Schiavilla (sole ODU TC member presently) at half

time starting in December 2023 (phased retirement)

and fully retired by July 2025



NTNP Bridge Position Status at CMU

Goal: begin search for NTNP bridge position in lattice QCD this
fall
Assistant professor (tenure-track) to begin fall 2024
Three years of bridge funding pays half salary
Department members in subatomic physics (experiment and
theory) agreed this position is priority for next subatomic hire
Department head supports this position, but must be voted on by
the department
Department head will bring up vote later this spring after current
search well underway (now interviewing for bio-physics position)
Mellon College of Science dean must approve (she is aware of
this award and upcoming bridge position request)
Dean approval is last major hurdle (Dean communicates with
Provost, etc.)



TC Nuclear Theory for New Physics - LANL members

Expertises:

1. Quantum Monte Carlo  (VMC, GFMC, AFDMC) methods, chiral EFT interactions and currents, 
electromagnetic and weak nuclear probes,  neutrino-nucleus scattering 

1. Chiral EFT for low-energy BSM searches, connections of fundamental symmetry program with 
colliders and high-energy phenomenology

J. Carlson S. Gandolfi E. Mereghetti I. Tews



TC - NTNP Thrusts
● BETA-2

○ Develop EFT formalism for A=2 systems to O(GF α)
○ Construct the two-body transitions operators for δC and  δNC, 

including higher-order effects in chiral and pionless EFT

Participating Institutions: LANL, UMass, UTK, UW 

● BETA-3
○ Calculation of δC and  δNC in low-A systems with QMC methods

Participating Institutions: ANL, LANL, ND, UCB, UNC, WashU

● XSEC-4  and 5: nu-A scattering 
○ Electroweak cross sections in 40 Ca

Participating Institutions: ANL, LANL, ODU, WashU



NTNP@UTK
Lucas Platter & Thomas Papenbrock 

University of Tennessee, Knoxville 

see G. Hagen’s (ORNL) talk for involvement in 



Radiative Corrections

• Start with few-body systems (pp-fusion, muon-
capture)

Important for future electroweak studies

Jµ Jµ Jν

• Uncertainty from radiative correction in pp-fusion 
not well understood but important for stellar models

Thrust BETA2



Goal

• Use controlled low-energy expansion (effective field 
theory) 

• Understand relevance and scaling of radiative 
corrections (energy-dependence , A-dependence) 

• Lay ground for systematic understanding in larger A 
systems (radiative corrections in superallowed beta-
decay)
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U Mass Nuclear Theory
• Team Leader: MJRM

• Post-docs/senior researchers:
• Jaber Balal Habashi
• Leon Friedrich
• Supriya Senapati
• Jia Zhou (emeritus)

• Ph.D. Students
• Manuel Diaz
• Justin Fagnioni
• Dyson Kennedy
• Kafei Ning
• Tianyang Shen
• Sebastian Urrutia-Quiroga

• Undergraduate Student
• Haochen Wang (Hampshire College)

NTNP
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Electroweak Radiative Corrections

• PV electron scattering and…
• NNLO (two-loop) Moller: closed fermion loops
• NNLO charged current (b-decay): closed 

fermion loops
• NNLO PV semileptonic (12C elastic, SoLID…)
• NNLO bosonic loops
• Synergy with precision e+e- (Milan group)

• Electroweak boxes
• Neutron b-decay: Wg box
• Nuclear b-decay: Wg box
• PVES:  Zg box
• EDM: gg box



NNLO EW Radiative Corrections

1. PV Moller: Du, Freitas, Patel, MJRM [1912.08220] Phys. 
Rev. Lett. 126 (2021) 131801

2. Beta Decay: Du, Fagnioni, Friedrich, MJRM, Zhou [NTNP]
3. PVES: Semileptonic closed fermion loops
4. Second phase: Bosonic loops

First phase = Closed fermion loops: gauge invariant 

3

Closed fermion 
loops



NNLO EWRC: CC & PVES

4

• Calculations are highly technical, computationally 
intensive, requiring significant workforce to ensure 
redundancy (cross checks)

• Time investment is high, number of publications 
relatively low à participants’ research portfolios 
must have additional research projects to enhance 
career advancement prospects

• U Mass strategy:

• Build a team (Friedrich, Fagnoni, Wang)
• Exploit synergies with HEP: electroweak physics 

in e+e- (FCC-ee, ILC, CEPC) à new collaboration 
with Milan group (A. Vicini)



TC Nuclear Theory for New Physics - MSU/ND Members

Expertise: Quantum many-body theory, EFTs, Renormalization Groups (IMSRG, …), nuclear forces, nuclear 
structure, high-performance computing

Heiko Hergert Scott Bogner Ragnar Stroberg

FRIB / MSU U Notre Dame



TC - NTNP Thrusts - MSU/ND 

● Cross-cutting work
○ Extension of ab initio frameworks (IMSRG, …) to odd nuclei
○ Developing formats and workflows for applications of one-body, two-

body and higher transition operators
○ Participating Institutions: MSU, ND, UNC, ORNL, LANL, UW, WUSTL, …

● BETA-3
○ Multi-method surveys and precision calculations of radiative 

corrections
○ Participating Institutions: MSU, ND, ORNL, …  

● EDM-3
○ Precision calculations of nuclear Schiff moments
○ Participating Institutions: MSU, ND, UNC, …

credit: J.M
. Allm

ond (O
R

N
L)

credit: P. M
üller (AN

L)

P. Gysbers et al., Nature 15, 428 (2019)



TC Nuclear Theory for New Physics 

Expertise: 
Coupled-cluster theory for atomic nuclei and infinite nuclear matter 
nuclear forces and two-body currents, effective field theory, weak decays 
and transitions, lepton nucleus scattering and response functions 



TC - NTNP Thrusts

Ø Analyze results and
develop formulas for 
extrapolations to infinite 
model spaces 

Ø Perform ab-initio 
computations of the 
superallowed beta decay 
of 14O and other nuclei

Ø Quantify all theory 
uncertainties Searches for new physics:

Status of the challenge:

S. R. Stroberg, Particles 2021, 4, 521 (2021)

Participating institutions: ANL, LANL, ND, ODU, ORNL, UTK, WUSTL



Nuclear Schiff Moments and Atomic EDMs

J. Engel⇤, H. Hergert, R. Stroberg

UNC⇤, MSU, ND

February 3, 2023



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:

n p n
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New physics



How Atoms Can Get EDMs

Atoms get EDMs from nuclei. But electronic shielding replaces
nuclear dipole operator with “Schiff operator,”

S ⇠
’
p
r2p Ærp

making the relevant nuclear quantity the Schiff moment hÆÆSi.

Job of nuclear-structure theory:
Compute dependence of hSi on
the CP-violating ⇡NN vertices.

Three of the most important nuclei: 199Hg, 129Xe, 225Ra



199Hg and 129Xe: Soft and Complicated
198Hg has a very soft
oblate minimum.

(a) (b)

(c) (d)

(e) (f)

Figure 1: Self-consistent RHB triaxial quadrupole energy
surfaces of even-even 190�200Hg isotopes in the ��� plane
(0� < � < 60�). All energies are normalized with respect
to the binding energy of the corresponding ground state.

lective potential is obtained by subtracting the zero-point
energy corrections[58] from the total energy that corre-
sponds to the solution of constrained triaxial SCMF cal-
culations. The resulting collective potential and inertia pa-
rameters as functions of the collective coordinates deter-
mine the dynamics of the 5DCH. Calculations shown here
have been partially presented in [59].

2 Potential energy surfaces

To illustrate the rapid change of equilibrium shapes in
Fig. 1 we present the potential energy surfaces of even-
even 190�200Hg within the SCMF framework with the DD-
PC1 functional and a separable pairing force. Starting with
the lighter isotope 190Hg the energy surface is �-soft with
two minima within an energy di↵erence of 500keV, which
indicates a case of shape coexistence of the two di↵erent
configurations. The more pronounced minimum is oblate
deformed at � ⇡ 0.15 and the second one is prolate at
� ⇡ 0.25. In 192Hg the energy surface is still rather flat
in the �-direction with the equilibrium configuration on
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Figure 2: Low-lying level scheme of the even-even 196Hg
nucleus. The excitation energies, the B(E2) values (in
Weisskopf units) and the ⇢2(E0; 0+2 �! 0+1 ) obtained with
the 5DCH based on the DD-PC1 functional are shown.

The experimental data are taken from Ref. [21].

the oblate side at 0.1 < � < 0.2. The prolate minimum
diminishes and only the oblate one is seen in 194�198Hg.
The single oblate minimum becomes less deformed and
approaches � = 0 for 200Hg, which implies a structural
change from weakly oblate deformed to nearly spherical
states.

The present calculations, based on the relativistic DD-
PC1 functional, are consistent with other theoretical ef-
forts in this region (using the interacting boson model
based on the Gogny-D1M EDF [40], the D1 [33] and
D1S [34, 60] parametrizations of the Gogny-EDF, the
Skyrme-SLy4 EDF [35],other Skyrme[39],the relativistic
NL3 parametrization [36], and the relativistic PC-PK1
functional [61]).

3 Spectroscopic properties
The constrained self-consistent solutions of the relativistic
Hartree-Bogoliubov (RHB) equations at each point on the
energy surface determine the mass parameters the three
moments of inertia and the zero-point energy corrections
as functions of the deformation parameters � and �. The
diagonalization of the Hamiltonian yields the excitation
spectra and collective wave functions that are used in the
calculation of various observables, e.g., electromagnetic
transition probabilities B(E2) and electric monopole tran-
sition strengths ⇢(E0). Physical observables are calculated
in the full configuration space and there are no e↵ective
charges in the model.

As an example in Fig. 2 we display the low-lying col-
lective spectrum of 196Hg, in comparison to available data
for the excitation energies and reduced electric quadrupole
transition probabilities B(E2) in Weisskopf units (W.u.)
taken from Refs. [21]. In addition to the yrast ground-state
band, in deformed and transitional nuclei excited states
are also assigned to (quasi-) � and �-bands. The com-
parison with the few existing experimental data shows a

EPJ Web of Conferences 252, 02007 (2021)
HINPw6

https://doi.org/10.1051/epjconf/202125202007

 
2

Prassa et al., EPJ Web Conf. 252 02007 (2021).

Shell-Model Representation

Neutrons

Protons

We’re using the valence-space IMSRG to construct an ab initio
shell-model interaction that includes the CP-violating part.

ND PI Ragnar Stroberg at ND and UNC postdoc David Kekejian working on this.



225Ra 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.



Milestones, Etc.

199Hg and 129Xe
Y1: Construction of code for including CP-violating interaction
and Schiff operator in valence-space IMSRG. Preliminary Schiff
moment for 199Hg.

Y2: Complete results for both 199Hg and 129Xe, including
analysis of uncertainties from chiral EFT and many-body
approximations.

225Ra
Y4: Extension of In-Medium GCM to odd nuclei. Preliminary
Schiff moment for 225Ra.

Y5: Complete results for 225Ra, including analysis of
uncertainties from chiral EFT and many-body approximations.
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Who are we?

Wick Haxton
UC Berkeley/LBNL

André Walker-Loud
LBNL/UC Berkeley

Andrea Shindler
Visiting Associate Prof. 

@ UC Berkeley

Faculty/Staff Postdocs Grad Students

Lukas Graf
UC Berkeley/N3AS

Ken McElvain
UC Berkeley

Evan Rule
UC Berkeley/N3AS

Zack Hall
UNC Chapel Hill

DOE SCGSR @ LBNL
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What is our focus?
Lattice QCD

QED corrections to neutron β-decay 
LQCD+QED corrections to gA 
→ LQCD+QED calculation of neutron decay amplitude
!-N cross section  
LQCD/pheno discrepancy 
N-to-Δ inelastic with novel method  
NN corrections (?)
Neutron EDM 
pioneering new method to compute neutron EDM

In collaboration with: 
Colin Morningstar
Amy Nicholson

Nuclear Effective Theory

QED corrections to light nuclear β-decay  

Nuclear EDMs 

Connecting nuclear structure to LQCD 
through HOBET

Connect Lattice QCD to nuclear Effective (Field) Theory
→Wick, Ken, Evan (HOBET), Lukas
→Emanuele, Vincenzo, Michael (N, NN EFT and BSM)
→ Scott, Joe, Stefano, Gaute, Heiko, Alessandro, Thomas, 
Saori, Maria, Lucas, Noemi, Ragnar, Ingo, Bob



4

Backup
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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)



6

P

E

E � TQ
FAR IR

+

aLO +
hrSR

b

i2
aNLO + ...

  NEAR IR                      FAR IR                         NEAR IR                         UV

T

TQ

QT

1/E
V IR
⇡

FAR IR
E

E �QT

P

H
e↵ = GTQ


T + T

Q

E
T + V + V GQHQV

�
GQT

<latexit sha1_base64="lETBPEU0xejVyR6rrFffadKfLUw="></latexit><latexit sha1_base64="lETBPEU0xejVyR6rrFffadKfLUw="></latexit><latexit sha1_base64="lETBPEU0xejVyR6rrFffadKfLUw="></latexit><latexit sha1_base64="lETBPEU0xejVyR6rrFffadKfLUw="></latexit>

ET developed from potential theory:
then abstracted in terms of HO
ladder operators             no reference to SR potential remains        

V + V GQH QV !
n V� pionless

V IR
⇡

+ V� pionful
<latexit sha1_base64="15e8L0Nk60tzOdNIL/afwpvGTxc="></latexit><latexit sha1_base64="15e8L0Nk60tzOdNIL/afwpvGTxc="></latexit><latexit sha1_base64="15e8L0Nk60tzOdNIL/afwpvGTxc="></latexit><latexit sha1_base64="15e8L0Nk60tzOdNIL/afwpvGTxc="></latexit>

H
e↵

<latexit sha1_base64="WgWuGJmQLsBJJBVkm4woejKj3ms=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7LLgpssK9gF9kUnvtKHJzJBklDL0P9y4UMSt/+LOvzHTzkJbDwQO59zLPTl+LLg2rvvtbGxube/sFvaK+weHR8elk9OWjhLFsMkiEamOTzUKHmLTcCOwEyuk0hfY9qd3md9+RKV5FD6YWYx9ScchDzijxkqD+qAnqZkomWIQzIelsltxFyDrxMtJGXI0hqWv3ihiicTQMEG17npubPopVYYzgfNiL9EYUzalY+xaGlKJup8uUs/JpVVGJIiUfaEhC/X3Rkql1jPp28kso171MvE/r5uYoNpPeRgnBkO2PBQkgpiIZBWQEVfIjJhZQpniNithE6ooM7aooi3BW/3yOmldVzy34t3flGvVvI4CnMMFXIEHt1CDOjSgCQwUPMMrvDlPzovz7nwsRzecfOcM/sD5/AHWLpKw</latexit><latexit sha1_base64="WgWuGJmQLsBJJBVkm4woejKj3ms=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7LLgpssK9gF9kUnvtKHJzJBklDL0P9y4UMSt/+LOvzHTzkJbDwQO59zLPTl+LLg2rvvtbGxube/sFvaK+weHR8elk9OWjhLFsMkiEamOTzUKHmLTcCOwEyuk0hfY9qd3md9+RKV5FD6YWYx9ScchDzijxkqD+qAnqZkomWIQzIelsltxFyDrxMtJGXI0hqWv3ihiicTQMEG17npubPopVYYzgfNiL9EYUzalY+xaGlKJup8uUs/JpVVGJIiUfaEhC/X3Rkql1jPp28kso171MvE/r5uYoNpPeRgnBkO2PBQkgpiIZBWQEVfIjJhZQpniNithE6ooM7aooi3BW/3yOmldVzy34t3flGvVvI4CnMMFXIEHt1CDOjSgCQwUPMMrvDlPzovz7nwsRzecfOcM/sD5/AHWLpKw</latexit><latexit sha1_base64="WgWuGJmQLsBJJBVkm4woejKj3ms=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7LLgpssK9gF9kUnvtKHJzJBklDL0P9y4UMSt/+LOvzHTzkJbDwQO59zLPTl+LLg2rvvtbGxube/sFvaK+weHR8elk9OWjhLFsMkiEamOTzUKHmLTcCOwEyuk0hfY9qd3md9+RKV5FD6YWYx9ScchDzijxkqD+qAnqZkomWIQzIelsltxFyDrxMtJGXI0hqWv3ihiicTQMEG17npubPopVYYzgfNiL9EYUzalY+xaGlKJup8uUs/JpVVGJIiUfaEhC/X3Rkql1jPp28kso171MvE/r5uYoNpPeRgnBkO2PBQkgpiIZBWQEVfIjJhZQpniNithE6ooM7aooi3BW/3yOmldVzy34t3flGvVvI4CnMMFXIEHt1CDOjSgCQwUPMMrvDlPzovz7nwsRzecfOcM/sD5/AHWLpKw</latexit><latexit sha1_base64="WgWuGJmQLsBJJBVkm4woejKj3ms=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRkR7LLgpssK9gF9kUnvtKHJzJBklDL0P9y4UMSt/+LOvzHTzkJbDwQO59zLPTl+LLg2rvvtbGxube/sFvaK+weHR8elk9OWjhLFsMkiEamOTzUKHmLTcCOwEyuk0hfY9qd3md9+RKV5FD6YWYx9ScchDzijxkqD+qAnqZkomWIQzIelsltxFyDrxMtJGXI0hqWv3ihiicTQMEG17npubPopVYYzgfNiL9EYUzalY+xaGlKJup8uUs/JpVVGJIiUfaEhC/X3Rkql1jPp28kso171MvE/r5uYoNpPeRgnBkO2PBQkgpiIZBWQEVfIjJhZQpniNithE6ooM7aooi3BW/3yOmldVzy34t3flGvVvI4CnMMFXIEHt1CDOjSgCQwUPMMrvDlPzovz7nwsRzecfOcM/sD5/AHWLpKw</latexit>

<latexit sha1_base64="CyAOvTtOHfIK5b9+mk8SEENaMGo=">AAACAnicbVC7TsMwFHXKq5RXgAmxWFRITFWCKmBgqMTCWBB9SE1UOY7bWnXsyHZAVRSx8CssDCDEylew8Te4aQZoOdKVjs6519f3BDGjSjvOt1VaWl5ZXSuvVzY2t7Z37N29thKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wvpr6nXsiFRX8Tk9i4kdoyOmAYqSN1LcPUi9/JJUkzKB3S4cjjaQUD1nfrjo1JwdcJG5BqqBAs29/eaHASUS4xgwp1XOdWPspkppiRrKKlygSIzxGQ9IzlKOIKD/Nt2fw2CghHAhpimuYq78nUhQpNYkC0xkhPVLz3lT8z+slenDhp5THiSYczxYNEga1gNM8YEglwZpNDEFYUvNXiEdIIqxNahUTgjt/8iJpn9bcs1r9pl5tXBZxlMEhOAInwAXnoAGuQRO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz83Xpfz</latexit>)

Harmonic Oscillator Based Effective Theory (HOBET)
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!-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 !-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 !-A
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Abel et al.: 
Phys.Rev.Lett. 124 (2020) 8, 081803

6 orders of magnitudes of background-free window for BSM discovery

Lattice QCD provides the only theoretically robust way to determine 
hadronic matrix elements -> only way to interpret experimental results 
and disentangle all CP violating sources

Need a portfolio of EDM experiments. Single EDM experiment not 
sufficient even if the LEC are correlated in a given model

Use new method based on the GF to overcome the major hurdle 
(renormalization) that has prevented in the past any lattice EDM 
calculation -> first results on the θ term

Goal —> Calculate all relevant contributions to the neutron EDM from 
the theta term and from BSM physics 

neutron EDM
|dn| < 1.8⇥ 10�26 e cm (90% C.L.)

<latexit sha1_base64="kr5E9wxomTU5dJ3Kc/XFcFpo2+w="></latexit>

(dn)SM=(1�6)⇥10�32e cm
<latexit sha1_base64="H7taENVw1BktPX5duDwFVW5NcQI="></latexit>

dn = � (1.5± 0.7) · 10�3✓e fm

� (0.2± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.016)ds

� (0.55± 0.28)ed̃u � (1.1± 0.55)ed̃d + (50± 40)MeVed̃G
<latexit sha1_base64="1fm3HMAm/1FS6ZoWOKLLJPMbzTI="></latexit>

Dragos, Luu, Shindler,  
de Vries, Yousif:
Phys.Rev.C 103 (2021) 1

Alcorcon et al.:
2022 Snowmass Summer Study

Shindler:
Eur.Phys.J.A 57 (2021) 4, 128



TC Nuclear Theory for New Physics - ANL/FNAL members

Expertises: 

Quantum Monte Carlo, machine-
learning methods, nuclear forces, 
electroweak transitions, lepton-nucleus 
scattering, nuclear matter. 

Expertises:

Quantum Monte Carlo, lepton-nucleus 
scattering, machine-learning methods, 
neutrino event generators. 

R. B. WiringaA. Lovato N. Rocco



TC - NTNP Thrusts
● nu-A scattering 

○ QMC (GFMC and AFDMC) calculations of 
neutrino-nucleus cross sections with controlled 
uncertainties (aided by artificial neural networks);

○ QMC calculations of spectral functions, spatial-
density, and momentum distributions — interface 
with neutrino event generators;

○ Determination of theoretical uncertainties in 
calculations of inclusive and exclusive cross 
sections induced by lepton scattering (LQCD 
inputs)

Participating Institutions: ANL, LANL, ODU, WashU (N. Rocco 
FNAL)



TC Nuclear Theory for New Physics - WashU members

Webpage: Dev's group

Expertise:

Neutrino theory and phenomenology, 
BSM physics at neutrino experiments, 
light dark sector physics, flavor 
anomalies 

Webpage: Quantum Monte Carlo group

Expertise:

Quantum Monte Carlo, many-nucleon 
interactions and currents, EFTs, 
nuclear electroweak properties, nuclear 
matter, lepton-nucleus scattering, UQ

https://web.physics.wustl.edu/bdev/
https://physics.wustl.edu/quantum-monte-carlo-group




TC - NTNP Thrusts
● Beta decay

○ QMC (VMC, GFMC, AFDMC) calculations of δC and  δNC in 
light and medium mass nuclei

Participating Institutions: ANL, LANL, ND, UCB, UNC, WashU 

● nu-A scattering 
○ Calculations of nu-A and e-A cross sections, responses, 

and response densities with ab initio methods based on 
factorization schemes (Short-time Approximation, Spectral 
function) supplemented by QMC methods (VMC, AFDMC)

Participating Institutions: ANL, LANL, ODU, WashU + Noemi Rocco (FNAL)



TC - NTNP Aknoweldgments 

We are really excited to start this Topical 
Collaboration on Nuclear Theory for New Physics! 



Webpage

https://a51.lbl.gov/~ntnp/TC/

https://a51.lbl.gov/~ntnp/TC/
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