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• Nuclear Hamiltonians influence a vast range of phenomena

• Properties of nuclei  

• Dense matter

• Nuclei as probes of physics beyond                                   
the Standard Model 
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Nuclear Hamiltonians  

• Effective Field Theory (EFT) has emerged as a valuable tool 
to relate nuclear Hamiltonians to QCD and (B)SM physics 



Outline 
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• Introduction: 

• Chiral EFT and the role of (non-perturbative) renormalization in power counting

• Three examples: 

• Searching for new physics: neutrinoless double beta decay 

• Precision tests of the Standard Model:  superallowed nuclear β decays

• Three nucleon interactions 

Special thanks to collaborators: 
M. Dawid,   W. Dekens,  J. de Vries,  S. Gandolfi, M. Hoferichter,                

E. Mereghetti,  S. Pastore, M. Piarulli, S. Reddy , B. van Kolck 

Apologies to everyone else for sloppy and incomplete references 
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Chiral EFT

• Expand amplitudes in 
Q
Λχ

← low scale: 

← high scale (EFT breakdown): 

p, mπ, …

MQCD, 4πFπ, mN, …

T(Q) = ∑
ν ( Q

Λχ )
ν

Fν ( Q
Λ

, ci(Λ, Λχ))

Power counting: rules that determine which 
diagrams and vertices from        contribute           

to amplitudes at given order in Q/Λχ          
ℒeff

ℒeff = ∑
i

ci(Λ, Λχ) Oi(Λ)
Oi ordered by Δ =  #derivatives + 2 #mq

Λ: regulator scale or subtraction point or dim-reg scale

ci:  Low Energy Constants (LECs) 

Weinberg,  van Kolck, Ordonez, Kaplan, Savage, Wise, Meissner, Epelbaum, Krebs, Bernard, Hammer, Bedaque, Beane, … 
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Power counting: rules that determine which 
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ℒeff

ℒeff = ∑
i

ci(Λ, Λχ) Oi(Λ)
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ci(Λ, Λχ)• Renormalization:  absorb UV divergences in effective couplings,               ,  in such a way that observables 
do not depend on the regulator Λ or subtraction point up to higher order (‘RG-invariance’)                

A physical amplitude 
does not 

depend on Λ



Potentials and amplitudes
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Weinberg ’91

• Weinberg’s observation:  IR-enhancements in A-nucleon reducible diagrams require resummation

V(2)T = +
V(2)

V(2)

+

V(2)

V(2)

V(2)

+ …

V(2) = + + Qk

k= #derivatives + 2 #mq

Ck ∼
4π

mNΛNN

1
Λk

χΛχ ∼ 4πFπ

ΛNN =
16πF2

π

g2
AmN

∼ 3Fπ LECs of contact interactions  scale in the same way 
as the (pion) loops for which they absorb 

divergences (Naive Dimensional Analysis, NDA)

1. Power-count & renormalize the potential 
(irreducible diags)

2. Iterate it in the Schroedinger equation 
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V(2)T = +
V(2)

V(2)

+

V(2)

V(2)

V(2)

+ …

V(2) = + + Qk
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1
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χΛχ ∼ 4πFπ

ΛNN =
16πF2

π

g2
AmN

∼ 3Fπ LECs of contact interactions  scale in the same way 
as the (pion) loops for which they absorb 

divergences (Naive Dimensional Analysis, NDA)

1. Power-count & renormalize the potential 
(irreducible diags)

2. Iterate it in the Schroedinger equation 

UV divergences in the iteration of the potentials (reducible loops) can upset NDA scaling for the short-range Ck      

and require new contact terms to ensure RG-invariance at a given order 



Renormalized amplitudes

• No problem if at a given order one can reabsorb the ‘iteration divergences’ in the potential at that order,          
but  there are cases in which this doesn’t work, e.g.: 

6

Kaplan-Savage-Wise ’96, Mehen-Stewart ’99, Beane et al’ 02,  Nogga-Timmermans-van Kolck ’05 , Long-Yang ’11,’12, , …

• 1S0 channel: iteration of the LO contact and one-pion 
exchange. Need enhanced contact term ~ mπ2 

C ∼
4π

mNΛNN
∼

1
F2

π

D2 ∼
4π

mNΛNN

1
(4πFπ)2

ℒ = −C N̄NN̄N − m2
πD2 N̄NN̄N
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Renormalized amplitudes
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• 1S0 channel: iteration of the LO contact and one-pion 
exchange. Need enhanced contact term ~ mπ2 

• Spin triplet waves with attractive 1π-exchange tensor 
potential (singular potential ~-1/r3) : 3P0,  … Need derivative 
contact terms at leading order
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• No problem if at a given order one can reabsorb the ‘iteration divergences’ in the potential at that order,          
but  there are cases in which this doesn’t work, e.g.: 
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Kaplan-Savage-Wise ’96, Mehen-Stewart ’99, Beane et al’ 02,  Nogga-Timmermans-van Kolck ’05 , Long-Yang ’11,’12, , …

• 1S0 channel: iteration of the LO contact and one-pion 
exchange. Need enhanced contact term ~ mπ2 

• ‘Renormalized’ chiral EFT**: in addition to NDA, use RGEs scaling as guiding principle for power counting  
— point of view adopted by a fraction of the community 

** Several proposals in the literature, see for example talks at  INT-25-92W (https://www.int.washington.edu/programs-and-workshops/25-92w)

• Spin triplet waves with attractive 1π-exchange tensor 
potential (singular potential ~-1/r3) : 3P0,  … Need derivative 
contact terms at leading order



Why bother with renormalization?

• Limitations of Weinberg’s scheme are clearly visible in precision tests of the SM and BSM searches with nuclei:     
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T−1
1/2(β) = kG2

F |Vud |2 m5
e [1 +

α
π

Δ(Λ)] ΦPS

T−1
1/2(0νββ) = k̃ |mββ |2 |M(Λ) |2 ΦPS

Nuclear matrix element should not 
introduce spurious Λ dependence Want to extract (or bound) these 

parameters from experiment with 
precision and accuracy   

Λ-independent 
experimental result

Neutrinoless 
double beta decay 

Superallowed     
beta decays

In these cases even a lower order 
calculation with  robust error 

estimate (even at the 20-30% level) 
is extremely valuable
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• Similar issues with CP-violating interactions*, NN  EW currents**,  WIMP-nucleus scattering, 3N forces

• Next:  will discuss  0νββ decay,  β decay, and 3NF examples. In some cases data can provide guidance  

* de Vries, Gnech, Shain 2020,   ** Phillips, Pavon-Valderrama 2015



Topic 1: Neutrinoless double beta decay

2νββ

0νββ
Potentially observable in 
certain even-even nuclei  
(48Ca, 76Ge,136Xe, …) for 
which single beta decay is 
energetically forbidden

ΔL=2

8

• Observation would have far-reaching implications Shechter-Valle 1982

• Demonstrate that neutrinos are Majorana fermions 

• Establish LNV,  key ingredient to generate baryon asymmetry via leptogenesis

Fukujita-Yanagida  1987
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0νββ
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energetically forbidden
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8

High-scale seesaw →                       
light neutrino Majorana mass term

mM
ν(L)

ν(R)
_

(But LNV could come from other source)



Leading order transition operator
  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097

gν  

νM 
‘Usual’ νM exchange ~1/kF2 ~1/Q2 
Coulomb-like long-range potential  

VC,  W. Dekens,  E. Mereghetti, A. Walker-Loud, 1710.01729
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• To leading order (LO) in Q/Λχ  the nn → pp transition operator has two contributions 

Potential 
neutrino 
exchange

Hard
 neutrino 
exchange

gν  ~ 1/Q2   >>1/Λχ2 ~1/(4πFπ)2  

 (Much larger than estimate from                       
Naive Dimensional Analysis)               

6

calculations apply a closure approximation to take into account the e↵ects of intermediate nuclear
excited states, e↵ectively shifting q�2

! |q|�1(|q| + Ē)�1 in terms of the closure energy Ē =
O(MeV). Such corrections can be shown to occur at higher order if the neutrino transition operator
is derived with the �EFT power-counting rules [31]. We will not consider it here and set Ē = 0 for
simplicity. Our concerns in this section involve large values of |q| and therefore are not a↵ected by
the closure approximation.

For a theoretical study of the neutrino transition operator it is convenient to perform a Gedanken

experiment involving two neutrons in the 1S0 state, the simplest nuclear system where the operator
can act. Higher partial waves will be studied in a later section. The transition operator can be
straightforwardly projected onto the 1S0 !

1S0 channel, where it takes a simpler form

V
1S0
⌫ L

(q) =
⌫ (1)+⌫ (2)+

q2

P
1 + 2g2A +

g2Am
4
�

(q2 +m2
�)

2

X
. (7)

The transition operator is clearly Coulomb-like, scaling as q�2, and therefore typically expected
to drop o↵ su�ciently fast for large |q| (or short distances |r|) to give rise to finite nuclear matrix
elements. As we demonstrate in this section, and study in significant detail below, this expectation
turns out to be false.

Before going into a more detailed analysis we wish to explicitly demonstrate the problem here.
We want to calculate the amplitude 1

A⌫(E,E0) = ⇥⇠⇤pp(E
0)|V

1S0
⌫ L

|⇤nn(E)�, (8)

for the process nn ! pp e�e� where both initial |⇤nn(E)� and final |⇤pp(E0)� states are in the
1S0 channel. We denote by E = p2/mn and E0 = p02/mp the center-of-mass energies of the
incoming neutrons and outgoing protons of masses mn and mp, respectively, and by p and p0 the
corresponding relative momenta. Without loss of generality, in this section we assume the outgoing
electrons to be at rest such that

E0 = E + 2(mn ⇥mp ⇥me), |p0
| =


p2 + 2mN (mn ⇥mp ⇥me), (9)

with me the electron mass and 2mN = mn + mp. When working at the kinematic point (9), we
will drop, for simplicity, the second argument in A⌫ .

The initial- and final-state wavefunctions are obtained by solving the Lippmann-Schwinger or
Schrödinger equation involving the strong NN potential. Of the latter there exist many variants
but most include the long-ranged one-pion exchange and short-range pieces, which are described by
the exchange of heavier mesons and/or by arbitrary short-range functions (phenomenological po-
tentials), or else by NN contact interactions (�EFT potentials). Our arguments are best illustrated
by use of the LO �EFT potential in the 1S0 channel, which consists of only two terms,

V
1S0
NN = C + V

1S0
� (q), (10)

where

V
1S0
� (q) = ⇥

g2A
4F 2

�

m2
�

q2 +m2
�

(11)

is the Yukawa potential written in terms of the transferred momentum q = p ⇥ p0, and C is
a contact interaction that accounts for short-range physics from pion exchange and other QCD

1
The amplitude Afi is related to the S-matrix element by Sfi = i(2⇡)

4
�
(4)

(pf � pi)Afi.

Only 
hadronic 
input: gA
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‘New’:  short-range potential with 
coupling gν ~1/Q2 

d u

d u

νM 
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• Contact term is required at LO to renormalize of the 1S0 nn→pp amplitude in presence of strong interactions  

UV divergence 

+ + +…

C ~ 4π/(mNQ)  ~ 1/Fπ2     LO strong potential π C 

Leading order transition operator

(mNC/4π)2 ~1/Q2 ~ 1/Fπ2  

• To leading order (LO) in Q/Λχ  the nn → pp transition operator has two contributions 

Use dim-reg to 
illustrate the point 
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11

• Contact term is required at LO to renormalize of the 1S0 nn→pp amplitude in presence of strong interactions  

Leading order transition operator

• To leading order (LO) in Q/Λχ  the nn → pp transition operator has two contributions 

• Renormalization group implies that the coupling flows to gν ~ 1/Q2   >>  1/(4πFπ)2

gν 

+
The sum is finite 

and scale 
independent 



12

This holds in any regularization

• Same conclusion obtained by solving  the  Schrodinger equation 

• Compute amplitude 

• Example: use smeared delta function to regulate 
short range strong potential: C →C (RS)

Scattering states “fully correlated” according to the 
leading order strong potential in the 1S0 channel
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This holds in any regularization

• Same conclusion obtained by solving  the  Schrodinger equation 

• Compute amplitude 

• Example: use smeared delta function to regulate 
short range strong potential: C →C (RS)

• Logarithmic dependence on RS   ⇒                   

need LO contact term gν ~1/Fπ2 log RS  to 
obtain physical,  regulator-independent result 

• Similar story with Lippmann-Schwinger equation    
with momentum cutoff



• NN scattering data at low energy  (ann+app-2anp) determine C1+C2, confirming LO scaling!

• Isospin symmetry relates gν to one of two I=2 e.m. couplings (hard γ’s versus hard ν’s)  

13

Quarks, 
gluons

Quarks, 
gluons

Connection with electromagnetism (and data) 
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• C1 + C2  controls CIB combination of 
1S0 scattering lengths  ann + aC - 2 anp

C=pp 

np

nn

Connection with data — some details

πγ
C C1+C2

• Fit to data, including LO strong, 
Coulomb potential, pion EM mass 
splitting, and contact terms confirms 
the scaling C1 + C2   >>  1/(4πFπ)2 

Dim-reg with Minimal Subtraction 
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• C1 + C2  controls CIB combination of 
1S0 scattering lengths  ann + aC - 2 anp

C=pp 

np

nn

Connection with data — some details

πγ
C C1+C2

• Fit to data, including LO strong, 
Coulomb potential, pion EM mass 
splitting, and contact terms confirms 
the scaling C1 + C2   >>  1/(4πFπ)2 

Dim-reg with Minimal Subtraction 

In this case, the RG-based EFT counting survives comparison with data!

The analog of e2(C1+C2 ) is included in all high-quality potentials             
(AV18, CD-Bonn, chiral, …) 



• The above fits include higher order chiral terms

• Our LO fit gives (C1+C2)/2 = 0.71 fm2   @  RS = 0.8 fm

• All seem to confirm violation of  Weinberg counting scaling (C1+C2)/2 ~ 0.04 fm2 

C1+C2 in commonly used NN potentials
  1907.11254
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• Several approaches to determine gν 

• Dispersive approach,  estimated gν  with ~30% uncertainty  (validated with  NN CIB data) 

• Large-NC arguments point to  gν~(C1+C2)/2  

Tuo  et al.  1909.13525;  
  Detmold, Murphy 2004.07404

Davoudi, Kadam,  2012.02083
Davoudi et al, 2402.09362 

Richardson, Shindler, Pastore, Springer, 2102.02814

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371,   Van Groffier 2024

• Lattice QCD  — gearing up

Impact of gν and future directions

[2] Wirth, Yao, Hergert,  2105.05415        [3]  Belley et al, 2307.15156      [4]  Belley et al,   2308.15634 

48Ca [1], 130Te [2], 136Xe, [2],   76Ge [3]

 Enhances matrix elements by ~40% [Ca, Ge] and >50% [Te, Xe]  — 

good news for phenomenology, while we wait for Lattice QCD results 

• Contact term fit to synthetic data and used in ab-initio calculations for  

• Corrections up to N2LO in chiral EFT known 
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Topic 2: nuclear β decays and CKM unitarity

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

0.226

0.228

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
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certain structure-dependent radiative corrections [88, 89] cancel
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together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
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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
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from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
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[and references therein]

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 - 1
• Most precise determination of  Vud currently 

from nuclear decay 

• Required radiative corrections under scrutiny     

• Several approaches are currently pursued 
(EFT, dispersive, …) 
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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]
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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
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the identifications Vud = cosqC and Vus = sinqC, where qC is the Cabibbo angle [2]. Measurements of the b
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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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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
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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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EFT for multi-nucleon weak decays

• Chiral EFT (NN, NNN, …) with dynamical leptons and photons  

VC,  W. Dekens,, J.de Vries, S. Gandolfi,  M. Hoferichter,  E, Mereghetti,   2405.18469, 2405.18464  

• Hard photons leave behind local multi-nucleon 
electroweak operators 

Test
Test
Test
Test
Test
Test

L
2b
W = �

p
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R = ēa�µ(1� �5)⌫b · ūi�
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• ‘Integrate out' soft & potential photons (and π’s) → obtain EW n-body transition operators (‘potentials’) 
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FIG. 3: Lowest-order diagrams contributing to the EW potentials V
0
E , Vme , and V

0. Single, double, and dashed lines denote
leptons, nucleons, and pions, respectively. Dots and circled dots refer to interactions from the LO and NLO chiral Lagrangians,
diamonds to isospin-breaking interactions.
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where p = 1.79, n = �1.91 are the proton and neutron
anomalous magnetic moments. The coordinate-space ex-
pression of Eqs. (34) and (35) is given in Sec. VI and
App. B. Vmag
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When applied to 1S0 wave functions obtained at LO
in chiral EFT, the Coulomb-like potential in Eq. (34)
gives rise to nuclear matrix elements that are logarith-
mically dependent on the ultraviolet (UV) cuto↵ used in
the solution of the Lippmann–Schwinger or Schrödinger
equation [55, 56]. This signals sensitivity to UV physics,
related to the exchange of hard photons with virtual mo-
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power-divergence-subtraction schemes, or the UV cuto↵
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µ(1� �5)dj

Oabij
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lept = ēa�µ(1� �5)⌫b · ⌫̄c�
µ(1� �5)ed

LFermi = �
GF
p
2
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• Hard photons leave behind local multi-nucleon 
electroweak operators 
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• ‘Integrate out' soft & potential photons (and π’s) → obtain EW n-body transition operators (‘potentials’) 
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FIG. 3: Lowest-order diagrams contributing to the EW potentials V
0
E , Vme , and V

0. Single, double, and dashed lines denote
leptons, nucleons, and pions, respectively. Dots and circled dots refer to interactions from the LO and NLO chiral Lagrangians,
diamonds to isospin-breaking interactions.
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where p = 1.79, n = �1.91 are the proton and neutron
anomalous magnetic moments. The coordinate-space ex-
pression of Eqs. (34) and (35) is given in Sec. VI and
App. B. Vmag

0
has a Coulombic scaling, ' 1/q2, with an

isospin-one/-two component proportional to (1+p)±n,
respectively. In momentum space this class of poten-
tials scales as O(e2/(k2F⇤�)) and contributes to �NS at
O(↵✏�).

When applied to 1S0 wave functions obtained at LO
in chiral EFT, the Coulomb-like potential in Eq. (34)
gives rise to nuclear matrix elements that are logarith-
mically dependent on the ultraviolet (UV) cuto↵ used in
the solution of the Lippmann–Schwinger or Schrödinger
equation [55, 56]. This signals sensitivity to UV physics,
related to the exchange of hard photons with virtual mo-
menta larger than ⇤�, which can be absorbed by the 2b
short-range operators in Eq. (13). To properly renor-
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Following essentially the same steps discussed in

Refs. [55, 56] we can derive the cuto↵ dependence of
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are the same in dimensional regu-
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where µ denotes the renormalization scale in the MS or
power-divergence-subtraction schemes, or the UV cuto↵
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FIG. 2: Diagrams contributing to nuclear � decays at LO. Double lines denote insertions of the

di-baryon propagator, single lines denote nucleons, single lines with arrow and wavy lines denote

leptons and photons.

B. Naive power counting estimates

In Fig. 2 we show a few diagrams that contribute to � decay, involving only vertices

from the LO Lagrangian. The correction to the decay rate is obtained by calculating the

diagrams and multiplying by the Z factor in Eq. (37). As we show explicitly in the following

sections, diagrams (a), (b) and (d) only receive contributions from the usoft photon region.

We can thus power count them in the following way:
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where we used Q� ⇠ �2/mN and Q ⇠ �. This shows that we need to consider both classes

of diagrams and that they contribute at LO in GF↵.
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EFT for multi-nucleon weak decays

• Chiral EFT (NN, NNN, …) with dynamical leptons and photons  

VC,  W. Dekens,, J.de Vries, S. Gandolfi,  M. Hoferichter,  E, Mereghetti,   2405.18469, 2405.18464  

• Hard photons leave behind local multi-nucleon 
electroweak operators 
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to LO:

• ‘Integrate out' soft & potential photons (and π’s) → obtain EW n-body transition operators (‘potentials’) 
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FIG. 3: Lowest-order diagrams contributing to the EW potentials V
0
E , Vme , and V

0. Single, double, and dashed lines denote
leptons, nucleons, and pions, respectively. Dots and circled dots refer to interactions from the LO and NLO chiral Lagrangians,
diamonds to isospin-breaking interactions.
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where p = 1.79, n = �1.91 are the proton and neutron
anomalous magnetic moments. The coordinate-space ex-
pression of Eqs. (34) and (35) is given in Sec. VI and
App. B. Vmag
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tials scales as O(e2/(k2F⇤�)) and contributes to �NS at
O(↵✏�).

When applied to 1S0 wave functions obtained at LO
in chiral EFT, the Coulomb-like potential in Eq. (34)
gives rise to nuclear matrix elements that are logarith-
mically dependent on the ultraviolet (UV) cuto↵ used in
the solution of the Lippmann–Schwinger or Schrödinger
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Following essentially the same steps discussed in

Refs. [55, 56] we can derive the cuto↵ dependence of
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= 3CT � CS is the LO NN contact interac-
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are the same in dimensional regu-
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where µ denotes the renormalization scale in the MS or
power-divergence-subtraction schemes, or the UV cuto↵
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P = ēa(1� �5)⌫b · ūi�5dj
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FIG. 2: Diagrams contributing to nuclear � decays at LO. Double lines denote insertions of the

di-baryon propagator, single lines denote nucleons, single lines with arrow and wavy lines denote

leptons and photons.

B. Naive power counting estimates

In Fig. 2 we show a few diagrams that contribute to � decay, involving only vertices

from the LO Lagrangian. The correction to the decay rate is obtained by calculating the

diagrams and multiplying by the Z factor in Eq. (37). As we show explicitly in the following

sections, diagrams (a), (b) and (d) only receive contributions from the usoft photon region.

We can thus power count them in the following way:
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where we used Q� ⇠ �2/mN and Q ⇠ �. This shows that we need to consider both classes

of diagrams and that they contribute at LO in GF↵.
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Path forward in the EFT approach
** S. Novario,  G. Chambers-Wall,  VC,  W. Dekens,, J.de Vries, S. Gandolfi,  M. Hoferichter,  E, Mereghetti,   in progress  

Hardy-Towner, PRC 2020
J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 102, 045501 (2020)

FIG. 3. (a) In the top panel are plotted the uncorrected experi-
mental f t values for the 15 precisely known superallowed transitions
as a function of the charge on the daughter nucleus. (b) In the bottom
panel, the corresponding Ft values are given; they differ from the f t
values by the inclusion of the correction terms δ′

R, δNS, and δC . The
horizontal gray band gives one standard deviation around the average
Ft value. All transitions are labeled by their parent nuclei.

be established with high precision. Relatively imprecise mea-
surements of the tiny Gamow-Teller branches, which must be
subtracted from 100%, are all that is required.

Not so for the decays of the Tz = −1 parents. They are
even-even nuclei that decay to odd-odd daughters, where 1+

states are available at low excitation energy. The Gamow-
Teller transitions to these states turn out to be strong enough to
compete with, and often surpass, the superallowed transitions.
This raises a serious experimental challenge: the intensity
of the Gamow-Teller branches—or the superallowed branch
itself—must be measured directly with high relative precision.
Considerable progress has been made in the last few years
in improving the measurements of superallowed branching
ratios from Tz = −1 parents, but they still cannot match the
precision of the Tz = 0 parents’ branching ratios.

The eight cases included in Fig. 5 are much more limited
by experiment. All but 66As and 70Br are Tz = −1 parents,
which will require very difficult measurements to arrive at
precise branching ratios. All but 18Ne and 30S are quite far
from stability and will be difficult to produce in sufficient
quantity for high statistical precision. Overall, the two most
advanced candidates are 18Ne and 30S but even they will

FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the 15 precisely measured
superallowed transitions used in the Ft-value average. The two bars
cut off with jagged lines at about 0.20% actually rise to 0.23%
for 62Ga and 0.29% for 74Rb. The bars for δ′

R and δC-δNS include
provision for systematic uncertainty as well as statistical. See text.

18Ne 30S 42Ti 46Cr 50Fe 54Ni 66As 70Br
0

4.0

Parent nucleus

Q-value

Half-life
Branching ratio

δR

δ δC NS-

Fr
ac

tio
na

l u
nc

er
ta

in
ty

 (%
)

3.0

2.0

1.0

FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eight tabulated superallowed
transitions not known precisely enough to contribute to the Ft-value
average. The three bars cut off with jagged lines at about 4.0%
indicate that no useful experimental measurement has been made of
those parameters. The bars for δ′

R and δC-δNS include provision for
systematic uncertainty as well as statistical. See text.

045501-18

• Chiral EFT analysis has  (temporarily) increased the 
uncertainty.   But in the long run it will allow for smaller 
errors and robust uncertainty quantification

• Paths forward to determine the  LECs: 

• Data to the rescue?  Fit the two LECs (along with Vud and 
possibly BSM effective couplings) once NME calculations 
for several isotopes become available **

• Theory: match EFT to full QCD + EW theory in the two-
nucleon sector, using dispersive analysis,  Lattice QCD
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• Hierarchy of nuclear forces in Weinberg counting

Entem, Machleidt, Y. Nosyk, 1703.05454

Van Kolck ’94; Epelbaum Nogga, Glöckle Hamada, Meissner, ‘02

ci cD cE

• ci from πN scattering

• cD,E from Nd scattering, light nuclei, tritium β decay

Hoferichter et a 2015-16

Bernard, Epelbaum, Krebs, Meissner ’08,’11; Ishikawa, Robilotta ’07,

• Tree diagrams with relativistic corrections 

• 1-loop diagrams with LO vertices

• No new LECs

Topic 3: three nucleon interactions
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• Hierarchy of nuclear forces in Weinberg counting

Entem, Machleidt, Y. Nosyk, 1703.05454

Van Kolck ’94; Epelbaum Nogga, Glöckle Hamada, Meissner, ‘02

ci cD cE

• ci from πN scattering

• cD,E from Nd scattering, light nuclei, tritium β decay

Hoferichter et a 2015-16

Bernard, Epelbaum, Krebs, Meissner ’08,’11; Ishikawa, Robilotta ’07,

• Tree diagrams with relativistic corrections 

• 1-loop diagrams with LO vertices

• No new LECs

Expect modifications in ‘renormalized’ approach,   
due to different scaling of contact interactions 

Topic 3: three nucleon interactions
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• We have already seen an operator with enhanced 
scaling due to RG — the chiral-symmetry breaking D2   

RG-based power counting:  D2 case

ΛNN =
16πF2

π

g2
AmN

∼ 3Fπ

∝ m2
π

N
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• Similar RG-enhanced scaling in derivative operators 

RG-based power counting:  F2, E2
VC,  M. Dawid,  W. Dekens, S. Reddy,  2411. 00097 

Borasoy, Griesshammer ’01, ‘03  
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• Similar RG-enhanced scaling in derivative operators 

RG-based power counting:  F2, E2
VC,  M. Dawid,  W. Dekens, S. Reddy,  2411. 00097 
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• Caveats: (i) scheme and regulator dependence:  using dispersive regulators with Λ= 500 MeV 
decreases result to ~1/3 of this;  (ii) missing the standard N3LO 3N interaction
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FIG. 2. The figure shows D2 and F2 contributions to the
energy per particle in neutron matter as a function of the
density. The bands are obtained by setting |D2| < 1/(5f4

ω)
and |F2| < 1/(5f4

ω). For reference, we show the contribu-
tions from the long-range Fujita-Miyazawa 3NF induced by
the LECs c1 and C3, obtained by setting c1 = →0.81/GeV
and c3 = →3.2/GeV [23].

potentials. If we instead use the regularization prescrip-
tion of Refs. [24, 25], the long-range part of the potential
tends to produce smaller contributions in dense matter.
For example, in the case of the D2, the contributions

in neutron matter di!er by a factor of E(!)
NM/E(DR)

NM =
{0.10, 0.29, 0.59, 0.78} at n = nsat, for ” = {0.3, 0.5, 1, 2}
GeV, where ” is the cuto! in the scheme of Refs. [24, 25].
The di!erence between the two schemes will be compen-
sated by di!erences in LECs such as cE . A fully consis-
tent analysis will therefore have to determine D2 and F2,
together with the usual contact terms cD,E .

V. IMPLICATIONS

For Chiral EFT to provide a useful description of nu-
clei and neutron-rich matter, the results in Figs. 2 and
3 indicate that D2 and F2 will need to be determined
rather accurately. In an ab initio approach, they would
be deduced by fitting to the binding energies of light nu-
clei or from pion-nucleus scattering data. In the former
approach, one would need to simultaneously determine
cD, cE , D2, and F2 from light nuclei. Absent such con-
straints, in what follows we focus on neutron matter and
adopt a phenomenological approach to correlate D2 and
F2 using empirical information about the nuclear symme-
try energy S0 = 31.7±3.2 MeV at saturation density [27].

Since the LECs associated with the 2NF and the long-
range 3NF (c1 and c3) between neutrons are well con-
strained by scattering data, the associated interaction en-

ergies denoted by E2N
NM and E(c1+c3)

NM , respectively, can be
calculated accurately using quantum many-body meth-
ods [23, 28, 29]. Noting that the symmetry energy is the
di!erence between the energy per particle of neutron and
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FIG. 3. Same as Fig. 2, but for symmetric matter. For
the single-nucleon LECs we use c1 = →0.76/GeV, c3 =
→4.78/GeV, and c4 = 3.96/GeV, while for the 2 and 3 nu-
cleon terms we take cD = 2.08, and cE = 0.23 for !ε = 700
MeV [26].

nuclear matter at saturation density, we define

ωS0 = S0 → (ẼNM(nsat)→ ESM(nsat)) , (21)

where

ẼNM(nB) = Ekin
NM(nB)+E2N

NM(nB)+E(c1+c3)
NM (nB) , (22)

is the neutron matter energy when contributions from D2

and F2 are neglected and ESM(nsat) ↑ →16 MeV.
We correlate D2 and F2 by requiring that ED

NM +
EF

NM = ωS0 at nB = nsat. Approximately, we find that
(100F2 + 9D2) ↓ →(ωS0/MeV)/f4

ω . In Fig. 4 we show
ωP , the net contribution from the D2 and F2 operators to
the pressure of neutron matter. The bands are obtained
by varying D2 in the range ±1/(5f4

ω) and F2 is deter-
mined by specifying ωS0. For ωS0 ↑ ±2 MeV, ωP ↑ ±1
MeV/fm3 at saturation density and the uncertainty as-
sociated with the parameter L = 3P (nsat)/nsat is ↑ ±19
MeV. The mild discrepancy between EFT prediction for
L and those deduced from the neutron-skin measurement
of lead using the recent parity-violating electron scatter-
ing experiment (PREX) [30, 31] would be alleviated if
this additional uncertainty is included.
The rapid change of ωP in the density interval

nsat → 2nsat has implications for neutron stars and will
be discussed in a separate paper [32]. From Fig. 4
we deduce that earlier estimates of the uncertainty
associated with Chiral EFT predictions for the pressure
of neutron star matter for nB ↑ nsat → 2nsat and its
implied bounds on neutron star radii and maximum
mass will need to be revised.
As previously noted in Ref. [33], the couplings of pions

to two nucleons are also relevant to the analysis of pionic
atoms and could explain the missing repulsion observed
in phenomenological approaches [34]. The pion-nucleus
optical potential used to describe pionic atoms also con-

• This rough estimate (Fermi gas) shows sizable effect compared to standard N2LO 3NF (RG scaling 
and ‘π’ enhancement of loop) 

Neutron Matter Symmetric Matter
VC,  M. Dawid,  W. Dekens, S. Reddy,  2411. 00097 
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and c3 = →3.2/GeV [23].
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tends to produce smaller contributions in dense matter.
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GeV, where ” is the cuto! in the scheme of Refs. [24, 25].
The di!erence between the two schemes will be compen-
sated by di!erences in LECs such as cE . A fully consis-
tent analysis will therefore have to determine D2 and F2,
together with the usual contact terms cD,E .

V. IMPLICATIONS

For Chiral EFT to provide a useful description of nu-
clei and neutron-rich matter, the results in Figs. 2 and
3 indicate that D2 and F2 will need to be determined
rather accurately. In an ab initio approach, they would
be deduced by fitting to the binding energies of light nu-
clei or from pion-nucleus scattering data. In the former
approach, one would need to simultaneously determine
cD, cE , D2, and F2 from light nuclei. Absent such con-
straints, in what follows we focus on neutron matter and
adopt a phenomenological approach to correlate D2 and
F2 using empirical information about the nuclear symme-
try energy S0 = 31.7±3.2 MeV at saturation density [27].

Since the LECs associated with the 2NF and the long-
range 3NF (c1 and c3) between neutrons are well con-
strained by scattering data, the associated interaction en-

ergies denoted by E2N
NM and E(c1+c3)

NM , respectively, can be
calculated accurately using quantum many-body meth-
ods [23, 28, 29]. Noting that the symmetry energy is the
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→4.78/GeV, and c4 = 3.96/GeV, while for the 2 and 3 nu-
cleon terms we take cD = 2.08, and cE = 0.23 for !ε = 700
MeV [26].

nuclear matter at saturation density, we define

ωS0 = S0 → (ẼNM(nsat)→ ESM(nsat)) , (21)

where

ẼNM(nB) = Ekin
NM(nB)+E2N

NM(nB)+E(c1+c3)
NM (nB) , (22)

is the neutron matter energy when contributions from D2

and F2 are neglected and ESM(nsat) ↑ →16 MeV.
We correlate D2 and F2 by requiring that ED

NM +
EF

NM = ωS0 at nB = nsat. Approximately, we find that
(100F2 + 9D2) ↓ →(ωS0/MeV)/f4

ω . In Fig. 4 we show
ωP , the net contribution from the D2 and F2 operators to
the pressure of neutron matter. The bands are obtained
by varying D2 in the range ±1/(5f4

ω) and F2 is deter-
mined by specifying ωS0. For ωS0 ↑ ±2 MeV, ωP ↑ ±1
MeV/fm3 at saturation density and the uncertainty as-
sociated with the parameter L = 3P (nsat)/nsat is ↑ ±19
MeV. The mild discrepancy between EFT prediction for
L and those deduced from the neutron-skin measurement
of lead using the recent parity-violating electron scatter-
ing experiment (PREX) [30, 31] would be alleviated if
this additional uncertainty is included.
The rapid change of ωP in the density interval

nsat → 2nsat has implications for neutron stars and will
be discussed in a separate paper [32]. From Fig. 4
we deduce that earlier estimates of the uncertainty
associated with Chiral EFT predictions for the pressure
of neutron star matter for nB ↑ nsat → 2nsat and its
implied bounds on neutron star radii and maximum
mass will need to be revised.
As previously noted in Ref. [33], the couplings of pions

to two nucleons are also relevant to the analysis of pionic
atoms and could explain the missing repulsion observed
in phenomenological approaches [34]. The pion-nucleus
optical potential used to describe pionic atoms also con-

• This rough estimate (Fermi gas) shows sizable effect compared to standard N2LO 3NF (RG scaling 
and ‘π’ enhancement of loop) 

Neutron Matter Symmetric Matter

Different conclusion reached in Epelbaum-Gasparyan-Gegelia-Hog-Krebs 2512.14117
(In part due to different regulator and different input for C)

VC,  M. Dawid,  W. Dekens, S. Reddy,  2411. 00097 
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Current and future directions

• Light and medium nuclei 

• Lattice QCD data on mq dependence of NN amplitude will shed light on D2

• It will be interesting to confront the RG-suggested ordering scheme with data in low- and medium-mass nuclei 
(i.e. simultaneous determination of cD, cE,  D2, F2)

• Impact on neutron matter EOS and neutron star observables

• Recent / ongoing  activity 

• Properties of dense matter

Vernik, Hebeler, Schwenk 2512.20454

Chambers-Wall, Dawid, Pastore (in progress)

Dawid, Dekens, Drischler, Kumamoto, Reddy (in progress) 

Armstrong, VC, Curry, Dawid,  Dekens, King, 
Reddy, Tews (in progress) 

Navratil, Palkanoglu (in progress)

• Future: other implications of RG-based counting in 3N sector? 



• Discussed few examples: 

• Neutrinoless double beta decay

• Superallowed beta decays and CKM unitarity

• Three-nucleon interactions and impact on neutron matter

Conclusions
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• Discussion about power counting for nuclear EFT has 

implications beyond nuclear phenomenology, e.g. 

• EW and BSM physics

• Astrophysics  

In these case, a lower order 
calculation with  robust error 

estimate (even at the 20-30% level) 
is extremely valuable



Appendix



27

NN couplings

• Two I=2 operators involving four nucleons

EM case

• Chiral symmetry ⇒ gν = C1

ΔL=2 case

(See also Walzl-Meiβner-Epelbaum 
nucl-th/0010109)

4
_

4
_

4
_

• Can we get C1 from experiment ?



Estimating the contact term

28

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371

LA-UR-20-30355
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The amplitude for the neutrinoless double � (0⌫��) decay of the two-neutron system, nn !
ppe�e�, constitutes a key building block for nuclear-structure calculations of heavy nuclei employed
in large-scale 0⌫�� searches. Assuming that the 0⌫�� process is mediated by a light-Majorana-
neutrino exchange, a systematic analysis in chiral e↵ective field theory shows that already at leading
order a contact operator is required to ensure renormalizability. In this work, we develop a method
to estimate the numerical value of its coe�cient in analogy to the Cottingham formula and validate
the result by reproducing the charge-independence-breaking contribution to the nucleon–nucleon
scattering lengths. Our central result, while derived in the MS scheme, is given in terms of the
renormalized amplitude A⌫(|p|, |p0|), matching to which will allow one to determine the contact-
term contribution in regularization schemes employed in nuclear-structure calculations. Our results
thus greatly reduce a crucial uncertainty in the interpretation of searches for 0⌫�� decay.

INTRODUCTION

Neutrinoless double � decay is by far the most sensi-
tive laboratory probe of lepton number violation (LNV).
Its observation would prove that neutrinos are Majo-
rana fermions, constrain neutrino mass parameters, and
provide experimental validation for leptogenesis scenar-
ios [1–4]. If 0⌫�� decay is caused by the exchange of
light Majorana neutrinos, as we consider here, the am-
plitude is proportional to the “e↵ective” neutrino mass
m�� =

P
i U

2

eimi, where the sum runs over light neutrino
masses mi and Uei are elements of the neutrino-mixing
matrix. 0⌫�� is a complicated process involving parti-
cle, nuclear, and atomic physics and the interpretation of
experimental limits [5–10], and even more so of potential
future discoveries, is hampered by substantial uncertain-
ties in the calculation of hadronic and nuclear matrix
elements [11–19].

Chiral e↵ective field theory (EFT) [20–25] plays a key
role in addressing these uncertainties. Nuclear struc-
ture, ab-initio calculations based on chiral-EFT inter-
actions [26–28] have recently become available for some
phenomenologically relevant nuclei [29–31] and the issue
of gA quenching in single � decays has been resolved as
a combination of two-nucleon weak currents and strong
correlations in the nucleus [32–34]. In addition, the few-
nucleon amplitudes used as input in nuclear structure cal-
culations have been scrutinized in chiral EFT for various
sources of LNV [35–44]. In the context of light-Majorana-
neutrino exchange, using naive dimensional counting, the
leading contribution in the chiral-EFT expansion arises
from a neutrino-exchange diagram, in which the LNV
arises from insertion of the �L = 2 e↵ective neutrino
mass m�� . In analogy to the nucleon–nucleon (NN) po-

FIG. 1: Forward scattering amplitude (left) and self-energy
contraction (right). The solid line refers to the hadronic states
(pion, nucleon, two-nucleon), the gray blob to the nonpertur-
bative amplitude, and the wiggly lines to the massless medi-
ator attached to the currents (photon or neutrino).

tential itself [23–25] and external currents [45], this con-
clusion no longer holds when demanding manifest renor-
malizability of the amplitude, which requires the promo-
tion of an nn ! ppe�e� contact operator to leading order
(LO) [40, 43], encoding the exchange of neutrinos with
energy/momentum greater than the nuclear scale. The
size of this contact operator is currently unknown, lead-
ing to an additional source of uncertainty in the interpre-
tation of 0⌫�� decays besides the nuclear-structure ones.
In this work we present a first estimate of the complete
nn ! ppe�e� amplitude including this contact-term con-
tribution. For related progress towards a calculation of
this amplitude based on lattice gauge theory, we refer to
the recent literature [46–52].

The hadronic part of the light-Majorana-neutrino-
exchange amplitude has the structure

A⌫ /

Z
d4k

(2⇡)4
gµ⌫

k2 + i✏

Z
d4x eik·xhpp|T{jµ

w
(x)j⌫

w
(0)}|nni

(1)
and is ultimately determined by the two-nucleon matrix
element of the time-ordered product T{jµ

w
(x)j⌫

w
(0)} of
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Cottingham (1963) approach to electromagnetic contributions to hadron masses

Forward Compton amplitude Self-energy ~ mass



Estimating the contact term

nn → pp amplitude controlled by a forward “Compton” amplitude

n p

n p

νM

e− e−

W− (k)W+ (k)
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nn → pp amplitude controlled by a forward “Compton” amplitude

n p

n p

νM

e− e−

W− (k)W+ (k)
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High k: QCD OPE
Low k: chiral EFT to NLO

Intermediate k:  resonance contributions 
in     and     , 

πNN intermediate state, … 

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371
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Dominant uncertainty from 
inelastic channels (NNπ , …):

k

k

π

Determined gν  with ~30% uncertainty  (validated with ΔI=2  NN electromagnetic coupling)



•  induces same structure as 

• With additional factors of  

F2 D2

⃗q 2

V( ⃗q 1, ⃗q 2, ⃗q 3) =
9g2

AD2m3
π

512πf4
π

F (
⃗q 2
3

4m2
π ) (1(i)1( j) − ⃗σ (i) ⋅ ⃗σ ( j)) ,F(b) =

2
3 (1 + ( 1

2 b
+ b) tan−1( b)) .

D2, E2, F2

•  induces same structure

• With 

E2

m2
π → ( ⃗q 2/mN)2

Three-nucleon potential from m2
π D2

Contributions from ∼ E2
π E2 Contributions from ∼ ⃗q 2F2

Explicit form of the 3N potential
Courtesy: Wouter Dekens 



N3LO potential

Bernard, Epelbaum, Krebs, Meissner ’08,’11; Ishikawa, Robilotta ’07

More on 3N interactions
Courtesy: Wouter Dekens 



D2, E2, F2
N3LO potential
+ iterations

• Part of the ‘conventional’ N3LO potential is connected to 

• Generates the divergent diagrams that induce 

• Need to be considered simultaneously for a consistent calculation

D2, E2, F2

D2, E2, F2

C0 C0

Bernard, Epelbaum, Krebs, Meissner ’08,’11; Ishikawa, Robilotta ’07

More on 3N interactions
Courtesy: Wouter Dekens 


