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The use of nuclei to study electroweak probes is becoming increasingly relevant experimentally.
The success of dark matter and neutrino experiments strongly depends on the ability to control
nuclear effects in order to extract the fundamental parameters associated with external probes.
Therefore, reliable theoretical calculations of nuclear structure and reactions, with well-controlled
errors, are crucial for the success of experimental efforts. Currently, chiral effective field theory
(𝜒EFT) coupled with ab-initio methods represents one of the best approaches that fulfills these
requirements. To use this approach as a tool for studying fundamental physics, it is essential to
validate it against experimental data for which the calculations are well under control, such as the
elastic scattering of electrons on nuclei. In this proceeding, I will present recent developments in
the fitting of electromagnetic currents derived using 𝜒EFT and the calculation of electromagnetic
form factors of light nuclei. The results of these calculations demonstrate the strength of the
theory in describing the interaction of nuclei with electromagnetic probes over a broad range of
momentum transfers and highlight the robustness of 𝜒EFT for analyzing future experimental data
aimed at extracting fundamental parameters.
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1. Introduction

Since the seminal work by Weinberg [1, 2], chiral effective field theory (𝜒EFT) has been
successfully used to construct nuclear interactions [3, 4] that are directly connected to the QCD
Lagrangian. 𝜒EFT is based on a separation of scales, where the low-energy effective degrees of
freedom are treated dynamically, while all remaining degrees of freedom above the breaking scale
energy of the theory (Λ𝜒 = 1 GeV) are integrated out. The low-energy effective Lagrangian is
constructed using nucleons, pions, and deltas as degrees of freedom. The interactions among these
dynamical degrees of freedom are constrained using the approximate chiral symmetry that appears
at the level of the Quantum Chromodynamics (QCD) Lagrangian, along with Lorentz invariance
and the conservation (or explicit breaking) of discrete symmetries. The dynamics of the excluded
degrees of freedom are encapsulated in the so-called Low Energy Constants (LECs), which multiply
the 𝜒EFT terms in the Lagrangian and are typically determined by fitting low-energy nuclear data.

The nuclear interactions derived using 𝜒EFT offer several advantages: (i) they are directly
connected to QCD; (ii) their operators can be organized as a power expansion in 𝑄/Λ𝜒, where 𝑄 is
the typical momentum exchanged in the nuclear process; (iii) the theoretical error can be estimated
from the truncation of the power expansion [3, 5]. These reasons make 𝜒EFT interactions the
preferred choice of ab initio practitioners for describing the nucleus as a collection of nucleons
interacting via two- and three-nucleon forces. Consistent comparisons with available experimental
data have repeatedly confirmed the validity of this theoretical approach.

One of the strengths of 𝜒EFT is its ability to describe interactions with electroweak probes
within a consistent framework. The interaction of nuclei with leptons can be described through
nuclear electroweak currents, which can be organized as a power expansion in a similar fashion to
nuclear interactions. This approach has been successfully used to predict low-energy electroweak
observables, such as electromagnetic moments [6–10] and transitions [11–15], as well as beta decays
(see, for example,[16–19]). The use of 𝜒EFT beyond the low-energy/low-momentum regime has
been primarily explored in the 𝐴 = 2 − 3 systems[6, 20, 21] and only more recently in larger
systems [22–24]. Such studies are crucial for testing the predictive power of the theory in kinematic
regimes relevant to experiments, including superallowed 𝛽-decay [25–27], neutrinoless double-beta
decay [28–31], and long-baseline neutrino oscillation experiments [32–38].

This proceeding focuses on presenting the results of recent work [6, 22, 23] by the JLab-Pisa
group in collaboration with the Quantum Monte Carlo group at Washington University in St. Louis
on the calculation of electromagnetic few-body observables of light nuclei using 𝜒EFT interactions
and currents. This manuscript is organized as follows. In Section 2, we present the currents used
in this work. In Section 3, we discuss the determination of the Low Energy Constants appearing
in the electromagnetic currents. In Section 4, we present selected results for the magnetic form
factors in few-body nuclei. Finally, in Section 5, we summarize our conclusions and outline future
perspectives of this work.

2. Electromagnetic currents in Chiral Effective Field Theory

The nuclear electromagnetic currents and charge up to one loop in 𝜒EFT have been derived
independently by the JLab-Pisa group [20, 39–41] using time-ordered perturbation theory, and
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Figure 1: Diagrams appearing in the 𝜒EFT expansion of the electromagnetic current up to N3LO in the
JLab-Pisa power counting scheme. The red-framed diagrams correspond to those in which unknown LECs
appear.

by the Bochum group using the heavy baryon approach [42–44]. In our work, we adopt the
formulation derived by the JLab-Pisa group and refer to the notation and power counting established
in Refs. [20, 39].

In the JLab-Pisa approach, the diagrams contributing to the electromagnetic current at various
orders in the 𝜒EFT expansion are shown in Figure 1.

At leading order (LO), the only contribution comes from the single-nucleon current, corre-
sponding to what is known as the impulse approximation. This term appears in the 𝜒EFT power
counting at order 𝑒𝑄−2. At next-to-leading order (NLO), which in our power counting scheme
corresponds to 𝑒𝑄−1, contributions from one-pion exchange diagrams arise.

At next-to-next-to-leading order (N2LO-𝑒𝑄−1), two additional contributions appear. The first
is a relativistic correction to the LO one-body current, while the second arises from the excitation of
the Δ-isobar. The latter diagram appears only in versions of 𝜒EFT that explicitly include Δ degrees
of freedom, as is the case for the Norfolk interactions [45–49], which will be used in the calculation
of the observables.

At next-to-next-to-next-to-leading order (N3LO-𝑒𝑄0), several contributions emerge. The first
comes from one-loop two-pion-exchange diagrams, shown in Figure 1. The second consists of
contact terms, which are generated by minimal substitution in four-nucleon contact terms involving
two gradients of the nucleon fields, as well as by non-minimal couplings to the electromagnetic
field. The two operators appearing in the non-minimal coupling terms are associated with two
unknown LECs, 𝑑𝑆1 and 𝑑𝑉1 , where 𝑆 refers to the isoscalar operator and𝑉 to the isovector one. The
third contribution consists of subleading terms induced by the 𝛾𝜋𝑁 interactions in the one-pion-
exchange diagrams. The isovector terms can be related to the 𝑁 − Δ transition [39] and introduce
two additional unknown LECs, labeled 𝑑𝑉2 and 𝑑𝑉3 . The isoscalar term in the subleading one-pion-
exchange contribution is associated with the 𝛾𝜋𝜌 current and also has an unknown LEC, 𝑑𝑆2 , which
must be determined.

Each operator in the current is associated with the appropriate nucleon isovector/isoscalar
electromagnetic form factors, except for the terms related to the Δ and 𝜌, where the 𝛾𝑁Δ and 𝛾𝑁𝜌

form factors are used. This ensures the proper falloff behavior as the momentum transfer increases
in electromagnetic observables. In the JLab-Pisa approach, we use phenomenological form factors
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whose parameters are fitted to reproduce experimental data rather than deriving them consistently
within chiral perturbation theory [50]. It should be noted that in our power counting, we ignore the
fact that the form factors themselves also have a power series expansion in 𝑄.

In the present work, we focus on results obtained using a set of chiral interactions known as
the Norfolk family [45–47]. The Norfolk two-body interactions (NV) are local Δ-full interactions
derived in 𝜒EFT up to N3LO. A long-range (𝑅𝐿) and a short-range (𝑅𝑆) cutoff are used to regularize
the interaction. Two cutoff pairs are available: (𝑅𝐿 , 𝑅𝑆) = (1.2 fm, 0.8 fm) and (𝑅𝐿 , 𝑅𝑆) =

(1.0 fm, 0.7 fm), labeled as model a and model b, respectively. Additionally, model classes I and II
correspond to fits of the 𝑁𝑁 interaction up to 125 MeV and 200 MeV, respectively. In addition to
the two-body interaction, a three-body force is included, with its LECs fitted to reproduce the triton
binding energy and Gamow-Teller beta decay for each NV model [48].

In this manuscript, we discuss only the results obtained using the NVIIa and NVIIb models.
For the results presented here, the currents have been regularized consistently with these two
interactions. For a more detailed discussion of the currents, form factors, and regularization used
in the calculations presented below, we refer to Ref. [6].

3. Fitting the Low Energy Constants

As with the nucleon-nucleon interaction, the low-energy constants (LECs) appearing in the
currents are determined using electromagnetic nuclear data. The historical approach to this deter-
mination involves fitting the five LECs to the static magnetic moments of the deuteron, 3He, and
3H [20, 21]. Since only three independent data points are used, this approach requires assuming
that the Δ-isobar saturates the LECs 𝑑𝑉2 and 𝑑𝑉3 to reduce the number of free parameters in the fit.
However, this method fails to reproduce the magnetic form factors of light nuclei in the momentum
transfer region of 𝑞 ∼ 1−4 fm−1. In particular, it generates a diffraction feature around ∼ 3 fm−1 for
3He, which is displaced from the physical diffraction minimum observed at ∼ 4 fm−1 [20, 21]. An
extension of this approach was considered in Ref. [7], where the fit included the magnetic moments
of nuclei up to 18F. However, no tests have been performed to assess the predictive power of this fit
for magnetic form factors.

In Ref. [6], we introduced a new fitting procedure. In addition to the deuteron, 3H, and 3He
magnetic moments, we incorporated data from deuteron-threshold electron-disintegration cross-
sections at backward angles (𝑑-threshold). Including these data allows us to fit not only static
properties but also dynamical aspects of the currents, specifically their dependence on momentum
transfer. This is achieved using the two-body neutron-proton (𝑛-𝑝) system, for which nuclear
structure calculations are well under control. Furthermore, since this observable is dominated by
the isovector transition, it enables us to constrain the LECs associated with isovector operators
without relying on Δ-saturation assumptions.

For a detailed discussion of the fitting procedure, we refer to Ref. [6]. Here, we briefly
summarize the results. In Figure 2, we present the computed 𝑑-threshold cross-section using the
NVIIa model, compared with experimental data [51–55]. The orange dashed line represents the
calculation including all diagrams up to N3LO but excluding those associated with the five LECs.
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Figure 2: Deuteron-threshold electron-disintegration
cross-sections at backward angles. The orange dashed
line represents the N3LO calculation without the fitted
terms. The blue (red) dot-dashed line represents the con-
tribution from the fitted isovector (isoscalar) terms. The
full calculation is given by the black curve, with the yel-
low band indicating the fit uncertainties. Black circles
represent experimental data [51–55].

As seen in Figure 2, a diffraction re-
gion appears around 𝑄2 ∼ 10 − 15 fm−2,
which is absent in the experimental data.
This discrepancy primarily originates from
the transition between the 3𝑆1 − 3𝐷1 and 1𝑆0

states in the scattering process. However,
contributions from higher partial waves be-
yond 1𝑆0 help to mitigate this effect. The
blue dashed line represents the contribu-
tion from the fitted isovector current terms,
which have the appropriate operator struc-
ture to correct the diffraction region and si-
multaneously suppress the high-energy tail
in the 𝑑-threshold cross-section produced by
the other diagrams. The final result, given
by the black curve, exhibits excellent agree-
ment with the experimental data. The yellow
band represents the uncertainty associated
with the fit.

It is worth noting that the operators cor-
responding to the isoscalar LECs 𝑑𝑆1 and 𝑑𝑆2
have minimal impact on this observable, as
shown by the red dashed line in Figure 2. In-
stead, these LECs are primarily constrained
by the deuteron’s magnetic moment. More-
over, including 𝑑-threshold data in the fit has
a negligible impact on the calculation of the
magnetic moments of the three-nucleon sys-
tems. Indeed, our fitting procedure reproduces the experimental magnetic moments with good
accuracy (see Ref. [6] for a detailed discussion). Similar results have been obtained for all other
Norfolk interactions used, as shown in Ref. [6].

4. Prediction of electromagnetic observables in few-body nuclei

The fitted currents have been used to compute the magnetic form factors of light nuclei. In
this section, we analyze in detail the magnetic form factor of the trinucleon system [6] using the
Hyperspherical Harmonic method [56] and briefly present results for the magnetic form factors of
𝐴 = 6 − 10 nuclei [22, 23], obtained using the Variational Monte Carlo (VMC) method [57] in
collaboration with the Quantum Monte Carlo group in St. Louis.

In Figure 3, we present the calculation of the magnetic form factor of 3He using the NVIIa
nuclear interaction, compared to experimental data from Ref. [58]. We follow the same color scheme
as in Figure 2. The orange dashed line represents the contribution from all diagrams except the
fitted ones. These contributions produce a diffraction minimum at a significantly lower momentum
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Figure 3: Magnetic form factor of 3He. The line types and colors follow the same convention as in Figure 4.
The black circles represent experimental data from Ref. [58].

transfer than the physical one, consistent with previous findings [20, 21]. The fitted isovector
terms (blue dashed line) correct this discrepancy by shifting the diffraction minimum to align with
experimental data. Additionally, their interference with other diagrams generates a new diffraction
region in excellent agreement with the physical one. Notice that the position of the new diffraction
region depends on the fine tuning of the isovector LECs. It is important to note that, apart from
the normalization of the magnetic form factor (i.e., the magnetic moment), the momentum-transfer
dependence is a pure prediction of our theoretical framework. Similar qualitative results have been
obtained for 3H and for all other interactions studied in Ref. [6].

The success of this fitting procedure in describing the magnetic form factor at high momentum
transfer can be understood through the 𝑛𝑝-dominance mechanism. Short-range correlation exper-
iments have shown that nucleons inside nuclei tend to form correlated pairs [59], with the most
probable configurations being neutron-proton (𝑛𝑝) pairs in relative 1𝑆0 or 3𝑆1 states. This naturally
leads to the dominance of isovector two-body current transitions. Moreover, since the 𝑛𝑝 1𝑆0 and
3𝑆1 wavefunctions inside a nucleus are universal (up to a scaling factor) [60], the corresponding
isovector transition matrix elements also exhibit universality. Consequently, knowledge of these
matrix elements in the 𝑑-threshold process allows us to predict their contributions to magnetic form
factors and vice versa.

Motivated by these findings, we extended our analysis to heavier nuclei. By combining the
VMC method [57] with the newly fitted currents, we computed the magnetic form factors of several
nuclei in the mass range 𝐴 = 6 − 10. In this proceeding, we focus on 6Li, 7Li, 9Be, and 10B, for
which experimental data are available1. Figure 4 presents our results compared to experimental
data. In the case of 6Li, the only contribution comes from the 𝑀1 multipole. For the other nuclei,
the diffraction minimum observed in the 𝑀1 multipole is filled by the 𝑀3 multipole, leading to the
emergence of a second peak in the magnetic form factor. For 10B, an additional contribution from

1The full list of experimental data references is provided in Refs. [22, 23]. A digitalized version of the data can be
shared by the author upon request.
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Figure 4: Magnetic form factors of 6Li, 7Li, 9Be, and 10B computed using the NVIIb nuclear interaction.
The red band represents the full calculation, with its width indicating uncertainties due to truncation of
the nuclear current expansion (following Ref. [3]). The blue-dashed, green-dotted, and purple dash-dotted
lines correspond to the contributions of the 𝑀1, 𝑀3, and 𝑀5 multipoles, respectively. Black dots indicate
experimental data (see footnote for details).

the 𝑀5 multipole generates a secondary peak at higher momentum transfer. Notably, this is the first
theoretical prediction of this secondary peak, which was only hypothesized in Ref. [61].

Notice that the calculations are able to reproduce the exact magnitude of the data without any
renormalization even if some discrepancy remains. For 6Li we are able to reproduce the two peaks
even if, for all the interactions considered, the diffraction minimum appears at slightly lower mo-
mentum transfer than in experiment, and the second peak is somewhat overestimated. This happens
for all the nuclear models used in our work [23]. We think that this is mainly due to a deficiency
in the VMC wave function. For 7Li our calculation correctly describes the high-momentum tail
when N3LO corrections are included but slightly overestimates the first peak—similar to findings
in phenomenological models [61]. In the case of 9Be the low-momentum plateau is well captured
due to two-body current contributions, but the second peak is overestimated, indicating a need for
fine-tuning between nuclear structure and two-body currents. Further ab-initio studies are encour-
aged to clarify this interplay. Finally for 10B the situation is simpler since the magnetic form factor
receives only contribution from the isoscalar terms of the currents and the description of the data is
optimal.

In Refs. [22, 23], we also predicted the magnetic form factors for nuclei without experimental
data. Specifically, we examined mirror systems: 9Li-9C, 7Li-7Be, and 9Be-9B. For all cases, we
observe an enhancement of the 𝑀1 peak in neutron-rich systems and its suppression in proton-
rich counterparts relative to the 𝑀3 multipole. This pattern arises from constructive (destructive)
interference between spin and orbital components in the 𝑀1 multipole when the dominant unpaired

7



P
o
S
(
C
D
2
0
2
4
)
0
0
9

Studying electroweak few-body observables in chiral effective field theory Alex Gnech

Figure 5: Magnetic form factors of the mirror nuclei 7Li and 7Be. The black (red) solid line represents
the full calculation at N3LO (LO). The blue-dashed and green-dotted lines show the 𝑀1 and 𝑀3 multipole
contributions at N3LO. Black circles represent experimental data for 7Li. Note the enhancement (suppression)
of the 𝑀1 peak relative to 𝑀3 in 7Li (7Be).

nucleon is a neutron (proton). To our knowledge, this effect has not been previously observed in
theoretical calculations, and no experimental data exist for mirror nuclear pairs. We hope future
experiments will confirm our predictions.

5. Conclusion and future prospective

In this work, we have demonstrated that electromagnetic currents derived in 𝜒EFT can success-
fully describe the magnetic form factors of light nuclei in the momentum transfer range 𝑞 ∼ 0− 3.5
fm−1. We fitted the five low-energy constants (LECs) appearing in the N3LO currents to the
magnetic moments of the deuteron, 3H, and 3He, as well as to the threshold deuteron electrodisin-
tegration at a backward angle. The inclusion of this last dataset allows us to describe the magnetic
form factor at high momentum transfer, providing strong evidence that 𝜒EFT has the correct oper-
ator structure to do so. It is important to note that in our calculations, we used phenomenological
nucleon form factors rather than ones consistently derived from 𝜒EFT. Our results for magnetic
form factors beyond the 𝐴 = 3 system show excellent agreement with available experimental data.
Additionally, we observed, for the first time, the inversion of the relative strengths of the 𝑀1 and
𝑀3 multipoles in 𝑝-shell mirror systems. Notably, the Quantum Monte Carlo results presented here
and in Refs. [22, 23] constitute the first ab initio calculations of the magnetic form factors for light
𝑝-shell nuclei beyond 𝐴 = 6. We hope this work will encourage other groups to perform similar
calculations and inspire experimentalists to obtain higher-precision measurements for a broader
range of nuclei. Such improvements would provide better constraints on the theoretical description
of electromagnetic currents, which is crucial for future neutrino experiments.
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