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New generation of neutrino experiments will measure the unknown 
PMNS parameters with unprecedented accuracy
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Why do we need more precision?
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Oscillations Require E𝜈 reconstruction

C. Results

Both the M1 and M2 analyses find the point estimates
sin2 θ23 ¼ 0.514 and Δm2

32 ¼ 2.51 × 10−3 eV2=c4 when
assuming the normal mass hierarchy and sin2θ23 ¼ 0.511
and Δm2

13 ¼ 2.48 × 10−3 eV2=c4 when assuming the
inverted mass hierarchy. Table XXI summarizes these
results from the M1 and M2 analyses. Likewise, the

confidence intervals produced by M1 and M2 are similar.
Since the M1 and M2 analyses are consistent with each
other, only results from M1 are given below. Figure 27
shows the best-fit values of the oscillation parameters, the
two-dimensional confidence intervals calculated using the
Feldman and Cousins method, assuming normal and
inverted hierarchy, and the sensitivity at the current
exposure. The size of the confidence interval found by
the fit to the data is smaller than the sensitivity. This arises
because the best-fit point is at the physical boundary
corresponding to maximum disappearance probability.
The amount by which the region is smaller is not unusual
in an ensemble of toy MC experiments produced under the
assumption of maximal disappearance. The best-fit spec-
trum from the normal hierarchy fit compared to the
observed spectrum is shown in Fig. 28, showing as well
the ratio of the number of observed events to the predicted
number of events with sin2θ23 ¼ 0. The observed oscil-
lation dip is significant and well fit by simulation. The
calculated one-dimensional Feldman and Cousins confi-
dence intervals are given in Table XXII. Figure 29 shows
the -2Δ lnL distributions for sin2 θ23 and jΔm2j from the
data, along with the 90% C.L. critical values.

D. Multinucleon effects study

Recently, experimental [67,113–115] and theoretical
[24,25,116–129] results have suggested that the charged-
current neutrino-nucleus scattering cross section at T2K
energies could contain a significant multinucleon compo-
nent. Such processes are known to be important in
describing electron-nucleus scattering (for a review, see
[130]), but have not yet been included in the model of
neutrino-nucleus interactions in our muon neutrino dis-
appearance analyses. If such multinucleon effects are
important, their omission could introduce a bias in the
oscillation analyses. Since low energy nucleons are not
detected in SK, such events can be selected in the QE
sample and assigned incorrect neutrino energies.
A Monte Carlo study was performed in order to explore

the sensitivity of the analysis to multinucleon effects. The
nominal interaction model includes pion-less delta decay
(PDD), which can be considered to be a multinucleon
effect. As an alternative, we turn off PDD and use a model
by Nieves [24] to simulate multinucleon interactions for
neutrino energies below 1.5 GeV. Pairs of toy Monte Carlo
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FIG. 27 (color online). The 68% (dashed) and 90% (solid) C.L.
intervals for the M1 νμ -disappearance analysis assuming normal
and inverted mass hierarchies. The 90% C.L. sensitivity contour
for the normal hierarchy is overlaid for comparison.
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FIG. 28 (color online). Top: Reconstructed neutrino energy
spectrum for data, best-fit prediction, and unoscillated prediction.
Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum.

TABLE XXII. The 68% and 90% confidence level intervals for
the νμ-disappearance analysis.

MH 68% C.L. 90% C.L.

sin2 θ23 NH [0.458, 0.568] [0.428, 0.598]
sin2 θ23 IH [0.456, 0.566] [0.427, 0.596]
Δm2

32ð10−3 eV2=c4Þ NH [2.41, 2.61] [2.34, 2.68]
Δm2

13ð10−3 eV2=c4Þ IH [2.38, 2.58] [2.31, 2.64]

K. ABE et al. PHYSICAL REVIEW D 91, 072010 (2015)

072010-34

T2K, Phys. Rev. D 91, 072010 (2015) 
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Cherenkov detector: kinematic reconstruction

Tracking detector: calorimetric reconstruction
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Tuning & BSM
Discrepancies between generators and data often corrected by tuning an empirical model of the least 
well known mechanism: MEC (“meson exchange”/two-body currents) 

Mis-modeling can distort signals of new physics, biasing measurement of new physics parameters 

Coyle, Li, and Machado, JHEP 12, 166 (2022) 

Studies on the impact of different neutrino interactions and nuclear models on determining neutrino 
oscillation parameters are critical. These enable us to assess the level of precision we aim at.

Coloma, et al, Phys.Rev.D 89 (2014) 7, 073015
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Ab initio theory achievements
Effective Hamiltonians and consistent currents Accurate nuclear many-body methods

Quantum Chromodynamcs Neutrino-nucleus interactions

H| ni = En| ni
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“Ab initio” nuclear theory

− |Ω∝ = E |Ω∝ − =
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Nuclear force rooted in the fundamental theory of QCD + consistent electroweak currents

Lattice QCD determination of
nuclear and hyperon forces

Noriyoshi Ishii
Reserach Center for Nuclear Physics, Osaka University

December 9, 2015

The aim of nuclear physics is to understand various properties of atomic
nuclei based on the nucleonic degrees of freedom, where the nuclear force
serves as the fundamental interaction. Enormous effort has been devoted
to studies of the nuclear force, after the meson-exchange mechanism was
proposed by H. Yukawa [1]. Today, thousands of experimental NN scattering
data are available. They are used for a phenomenological determination of
the nuclear force. Now, there are several high precision realistic nuclear forces
available [2], all of which are able to describe the experimental NN scattering
data in many channels simultaneously with χ2/ndf ∼ 1.

In the meson-exchange picture, the nuclear force is generated by virtual
exchanges of massive mesons. The mechanism employed here is a generaliza-
tion the Coulomb force in quantum electrodynamics which is generated by
the virtual exchange of massless photon. The structure of the nuclear force
is much more complicated than the Coulomb force. This is because varieties
of mesons are involved from a wide range of mass spectrum with different
spin and isospin quantum numbers [3].

1

Quantum Chromodynamics Nuclei & nuclear matter

nucleons — 
degrees of 
freedom

9

Hergert A Guided Tour of Ab Initio Nuclear Many-Body Theory
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Figure 2. Chiral two-, three- and four nucleon forces through next-to-next-to-next-to-leading order
(N3LO) (see, e.g., [37, 41, 2] ). Dashed lines represent pion exchanges between nucleons. The large
solid circles, boxes and diamonds represent vertices that are proportional to low-energy constants
(LECs) of the theory (see text).

uncertainties that result from working at a given chiral order [34, 35, 36]. This is especially useful
since issues relating to the regularization and renormalization of these interactions remain (see, e.g.,
Refs. [2, 46, 47, 48, 49, 50, 51] and Sec. 4.4).

2.2 The Similarity Renormalization Group

Renormalization group methods are a natural companion to the hierarchy of EFTs for the strong
interaction. They provide the means to systematically dial the resolution scales and cuto↵s of these
theories, and this makes it possible, at least in principle, to connect the di↵erent levels in our
hierarchy of EFTs. The RGs also expand the diagnostic toolkit for assessing the inherent consistency
of EFT power counting schemes, e.g., by tracing the enhancement or suppression of specific operators,
or by identifying important missing operators.

In nuclear many-body theory, the SRG has become the method of choice. In contrast to Wilsonian
RG [52], which is based on decimation, i.e., integrating out high-momentum degrees of freedom,
SRGs decouple low- and high-momentum physics using continuous unitary transformations. Note
that this concept is not limited to RG applications: we can construct transformations that adapt a

This is a provisional file, not the final typeset article 4

Chiral Effective Field Theory

Many-body methods to get realistic 
correlated nuclear wave functions |Ω∝

27
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FIG. 5. Figure [342] courtesy of H. Hergert. Chiral two-, three-, and four-nucleon forces through
next-to-next-to-next-to-leading order (N3LO) in the chiral expansion. Dashed lines represent pion
exchanged between nucleons. The large solid circles, boxes and diamonds represent vertices that
are proportional to LECs of the theory (see text).

to the short-range two-nucleon interactions are typically fit to the deuteron and nucleon-
nucleon scattering data, and the analog ones related to the three-nucleon interaction are fit
to properties of light nuclei. In both cases, the LECs describing the long-range interactions
can be determined independently from pion-nucleon scattering [353–355], and thus, as a
prediction of chiral EFT, do not lead to new parameters that would need to be determined
in nuclear systems.

Many-body nuclear interactions have been over the years developed up to N5LO in the chi-
ral expansion [356–358]. Most many-body calculations are still at much lower order, however,
and often at lower cuto↵ scales ⇤. A variety of quantum many-body approaches [246, 359–
363] are used for these calculations, including coupled cluster (CC), the no-core shell model
(NCSM), and Variational and Green’s function Monte Carlo (VMC and GFMC) and Auxil-
iary Field Di↵usion Monte Carlo (AFDMC). Each of these approaches has di↵erent strengths
and weaknesses depending upon the system size and the momentum cuto↵ of the interaction.

The community is vigorously exploring the importance of including�’s as explicit degrees
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Ab initio theory achievements
Coupled-Cluster e-scattering Green’s Function Monte Carlo

Longitudinal response 40Ca

40Ca

JES, B. Acharya, S. Bacca, G. Hagen; PRL 127 (2021) 7, 072501

First ab-initio results for 
many-body system of  

40 nucleons

40Ca

13

✓ CC singles & doubles 
✓ varying underlying harmonic 

oscillator frequency 
✓ two di!erent chiral Hamiltonians 
✓ inversion procedure

Lorentz Integral Transform + Coupled Cluster
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FIG. 6. T2K flux-folded double di↵erential cross sections per target neutron for ⌫µ-CCQE scattering on 12C, displayed as a
function of the muon momentum pµ for di↵erent ranges of cos ✓µ. The experimental data and their shape uncertainties are
from Ref. [48]. Calculated cross sections are obtained with ⇤A =1.0 GeV.

vector form factors in agreement with experimental data
which are of course quite accurate. These calculations
suggest a larger value of ⇤A may be appropriate. We
investigate the implications of this finding by presenting
in Fig. 7 the flux-folded cross sections (for MiniBooNE
and selected bins in cos ✓µ), obtained by replacing in the
dipole parametrization the cuto↵ ⇤A ⇡ 1 GeV with the
value e⇤A ⇡ 1.15 GeV. As expected, this leads generally
to an increase of the GFMC predictions over the whole
kinematical range. Since the dominant terms in the cross
section proportional to the transverse and interference re-
sponse functions tend to cancel for ⌫µ, the magnitude of
the increase turns out to be more pronounced for ⌫µ than
for ⌫µ—as a matter of fact, the ⌫µ cross sections are re-
duced at backward angles (0.1  cos ✓µ  0.2). Overall,
it appears that the harder cuto↵ implied by the LQCD
calculation of GA(Q2) improves the accord of theory with
experiment, marginally for ⌫µ and more substantially for
⌫µ. In view of the large errors and large normalization un-
certainties of the MiniBooNE and T2K data, however, we

caution the reader from drawing too definite conclusions
from the present analysis. Indeed more precise nucleon
form factors can be obtained through further lattice QCD
calculations or experiments on the nucleon and deuteron,
respectively.

Of course, many challenges remain ahead, to mention
just three: the inclusion of relativity and pion-production
mechanisms, and the treatment of heavier nuclei (no-
tably 40Ar). While some of these issues, for example the
implementation of relativistic dynamics via a relativistic
Hamiltonian along the lines of Ref. [71], could conceiv-
ably be incorporated in the present GFMC approach, it
is out of the question that such an approach could be uti-
lized to describe the �-resonance region of the cross sec-
tion or, even more remotely, extended to nuclei with mass
number much larger than 12, at least for the foreseeable
future. In fact, it maybe unnecessary, as more approxi-
mate methods exist to deal e↵ectively with some of these
challenges, including factorization approaches based on
one- and two-nucleon spectral functions [28, 72] or on
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FIG. 2. (Color online) Same as Fig. 1 but for the electromag-
netic transverse response functions. Since pion production
mechanisms are not included, the present theory underesti-
mates the (transverse) strength in the � peak region, see in
particular the q=570 MeV/c case.

of R↵(q,!)—so called Euclidean response [11]—which we
define as

E↵(q, ⌧) =

Z 1

!
+
el

d! e�!⌧
R↵(q,!)

[Gp

E
(q,!)]2

, (2)

where Gp

E
(q,!) is the (free) proton electric form factor

and the integration excludes the contribution due to elas-
tic scattering (!el is the energy of the recoiling ground
state). We elaborate this issue further below; for now
it su�ces to note that, in the specific case of 12C, the
ground state has quantum numbers J⇡ =0+ and there-
fore the elastic contribution vanishes in the transverse
channel. With the definition given in Eq. (2), the Eu-
clidean response function above can be thought of as be-
ing due to point-like, but strongly interacting, nucleons,
and can simply be expressed as

E↵(q, ⌧)=h0|O†
↵
(q)e�(H�E0)⌧O↵(q)|0i� |F↵(q)|2e�⌧!el ,

(3)
where H is the nuclear Hamiltonian (here, the AV18/IL7
model), F↵(q) = h0|O↵(q)|0i is the elastic form fac-
tor, and in the electromagnetic operators O↵(q) the de-

pendence on the energy transfer ! has been removed
by dividing the current j↵(q,!) by Gp

E
(q,!) [15]. The

calculation of this matrix element is then carried out
with GFMC methods [11] similar to those used in pro-
jecting out the exact ground state of H from a trial
state [28]. It proceeds in two steps. First, an un-
constrained imaginary-time propagation of the state |0i
is performed and saved. Next, the states O↵(q)|0i
are evolved in imaginary time following the path pre-
viously saved. During this latter imaginary-time evolu-
tion, scalar products of exp [�(H�E0) ⌧i]O↵(q)|0i with
O↵(q)|0i are evaluated on a grid of ⌧i values, and from
these scalar products estimates for E↵(q, ⌧i) are obtained
(a complete discussion of the methods is in Refs. [11, 29]).
Following Ref. [15] (see also extended material submit-

ted in support of that publication), we have exploited
maximum entropy techniques [13, 14] to perform the an-
alytic continuation of the Euclidean response function—
corresponding to the inversion of the Laplace transform
of Eq. (2). However, we have improved on the inver-
sion procedure described in [15] in order to better prop-
agate the statistical errors associated with E↵(q, ⌧) into
R↵(q,!). Specifically, the smallest possible value for pa-
rameter ↵ (see Ref. [15]) has been chosen to perform a
first inversion of the Laplace transform, which is then in-
dependent on the prior. The resulting response function
R(0) is the one whose Laplace transform E(0) is the clos-
est to the original average GFMC Euclidean response.
Then, N = 100 Euclidean response functions are sam-
pled from a multivariate gaussian distribution, with mean
value E(0) and covariance estimated from the original set
of GFMC Euclidean responses. The corresponding re-
sponse functions, obtained using the so called “historic
maximum entropy” technique, are used to estimate the
mean value and the variance of the final inverted response
function.

q (MeV/c) 2+ 0+ 4+

300 0.1286 0.0311 0.0060
380 0.0745 0.0051 0.0075
570 0.0064 0.0046 0.0037

TABLE I. Measured longitudinal transition form factors, de-
fined as hf |OL(q)|0i/Z, to the f =2+, 0+ (Hoyle), and 4+
states in 12C. Experimental data are from Refs. [30–32], and
have been divided by the proton electric form factorGp

E(q,!f )
with !f = Ef � E0.

We now proceed to address the issue alluded to earlier.
The low-lying spectrum of 12C consists of J⇡ =2+, 0+

(Hoyle), and 4+ states with excitation energies E?

f
� E0

experimentally known to be, respectively, 4.44, 7.65, and
14.08 in MeV units [33]. The contributions of these states
to the quasi-elastic longitudinal and transverse response
functions extracted from inclusive (e, e0) cross section
measurements are not included. Therefore, before com-

2

to self-consistently account for nucleon and nuclear struc-
ture [24, 25], leads to a reduction of the proton elec-
tric form factor, and, as a consequence, to a significant
quenching of the longitudinal response function of nu-
clear matter and associated Coulomb sum rule [18]. Such
a model does not explain the large enhancement of the
transverse response or the momentum-transfer depen-
dence in the quenching of the longitudinal one. It should
also be noted that medium modifications are not an in-
evitable consequence of the quark substructure of the nu-
cleon. For example, a study of the two-nucleon problem
in a flux-tube model of six quarks interacting via single
gluon and pion exchanges [26] indicates that the nucle-
ons retain their individual identities down to very short
separations, with little distortion of their substructures.

Figures 1–2, showing a comparison between the exper-
imental and theoretical RL(q,!) and RT (q,!) for mo-
mentum transfer values in the range 300–570 MeV/c,
immediately lead to the main conclusions of the present
work: (i) the dynamical approach outlined above (with
free nucleon electromagnetic form factors) is in excellent
agreement with experiment in both the longitudinal and
transverse channels; (ii) as illustrated by the di↵erence
between the plane-wave-impulse-approximation (PWIA)
and GFMC one-body-current predictions (curves labeled
PWIA and GFMC-O1b), correlations and interaction ef-
fects in the final states redistribute strength from the
quasi-elastic peak to the threshold and high-energy trans-
fer regions; and (iii) while the contributions from two-
body charge operators tend to slightly reduce RL(q,!)
in the threshold region, those from two-body currents
generate a large excess of strength in RT (q,!) over
the whole !-spectrum (curves labeled GFMC-O1b and
GFMC-O1b+2b), thus o↵setting the quenching noted in
(ii) in the quasi-elastic peak.

As a result of the present study, a consistent picture
of the electromagnetic response of nuclei emerges, which
is at variance with the conventional one of quasi-elastic
scattering as being dominated by single-nucleon knock-
out. This fact also has implications for the nuclear weak
response probed in inclusive neutrino scattering induced
by charge-changing and neutral current processes. In
particular, the energy dependence of the cross section
is quite important in extracting neutrino oscillation pa-
rameters. An earlier study of the sum rules associated
with the weak transverse and vector-axial interference re-
sponse functions in 12C found [27] a large enhancement
due to two-body currents in both the vector and axial
components of the neutral current. Only neutral weak
processes have been considered so far, but one would
expect these conclusions to remain valid in the case of
charge-changing ones. In this connection, it is important
to realize that neutrino and anti-neutrino cross sections
only di↵er in the sign of this vector-axial interference re-
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FIG. 1. (Color online) Electromagnetic longitudinal response
functions of 12C for q in the range (300–570) MeV. Exper-
imental data are from Refs. [9, 10]. See text for further
explanations.

sponse, and that this di↵erence is crucial for inferring the
charge-conjugation and parity violating phase, one of the
fundamental parameters of neutrino physics, to be mea-
sured at DUNE. The rest of this paper deals succinctly
with the most salient aspects of the present calculations.

The longitudinal and transverse response functions are
defined as

R↵(q,!) =
X

f

hf |j↵(q,!)|0ihf |j↵(q,!)|0i⇤

⇥ �(Ef � ! � E0) , ↵ = L, T (1)

where |0i and |fi represent the nuclear initial and final
states of energies E0 and Ef , and jL(q,!) and jT (q,!)
are the electromagnetic charge and current operators, re-
spectively. A direct calculation of R↵(q,!) is impractical,
since it would require evaluating each individual transi-
tion amplitude |0i �! |fi induced by the charge and cur-
rent operators. To circumvent this di�culty, the use of
integral transform techniques has proven to be quite help-
ful. One such approach is based on the Laplace transform
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to self-consistently account for nucleon and nuclear struc-
ture [24, 25], leads to a reduction of the proton elec-
tric form factor, and, as a consequence, to a significant
quenching of the longitudinal response function of nu-
clear matter and associated Coulomb sum rule [18]. Such
a model does not explain the large enhancement of the
transverse response or the momentum-transfer depen-
dence in the quenching of the longitudinal one. It should
also be noted that medium modifications are not an in-
evitable consequence of the quark substructure of the nu-
cleon. For example, a study of the two-nucleon problem
in a flux-tube model of six quarks interacting via single
gluon and pion exchanges [26] indicates that the nucle-
ons retain their individual identities down to very short
separations, with little distortion of their substructures.

Figures 1–2, showing a comparison between the exper-
imental and theoretical RL(q,!) and RT (q,!) for mo-
mentum transfer values in the range 300–570 MeV/c,
immediately lead to the main conclusions of the present
work: (i) the dynamical approach outlined above (with
free nucleon electromagnetic form factors) is in excellent
agreement with experiment in both the longitudinal and
transverse channels; (ii) as illustrated by the di↵erence
between the plane-wave-impulse-approximation (PWIA)
and GFMC one-body-current predictions (curves labeled
PWIA and GFMC-O1b), correlations and interaction ef-
fects in the final states redistribute strength from the
quasi-elastic peak to the threshold and high-energy trans-
fer regions; and (iii) while the contributions from two-
body charge operators tend to slightly reduce RL(q,!)
in the threshold region, those from two-body currents
generate a large excess of strength in RT (q,!) over
the whole !-spectrum (curves labeled GFMC-O1b and
GFMC-O1b+2b), thus o↵setting the quenching noted in
(ii) in the quasi-elastic peak.

As a result of the present study, a consistent picture
of the electromagnetic response of nuclei emerges, which
is at variance with the conventional one of quasi-elastic
scattering as being dominated by single-nucleon knock-
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particular, the energy dependence of the cross section
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with the weak transverse and vector-axial interference re-
sponse functions in 12C found [27] a large enhancement
due to two-body currents in both the vector and axial
components of the neutral current. Only neutral weak
processes have been considered so far, but one would
expect these conclusions to remain valid in the case of
charge-changing ones. In this connection, it is important
to realize that neutrino and anti-neutrino cross sections
only di↵er in the sign of this vector-axial interference re-
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sured at DUNE. The rest of this paper deals succinctly
with the most salient aspects of the present calculations.
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calculated in the coupled-cluster singles and doubles ap-
proximation (CCSD) [28, 29] for an underlying harmonic
oscillator frequency of ⊋! = 14 MeV and a model space
of 15 major oscillator shells (Nmax = 2n + l = 14). A
cut for matrix elements of three-body forces e3max =
2(n1 + n2 + n3) + l1 + l2 + l3 → 16 has also been im-
posed. We checked that our results are well converged
with respect to the model-space size by varying Nmax

and ⊋!. For the inversion of the Lωε(ω,”), we follow the
strategy already used in Refs. [46, 47], where we expand
the response function in terms of a linear combination
of N basis states that depend on a non-linear parame-
ter. We determine the N linear coe#cients by a least-
squares fit [38]. We estimate the uncertainty associated
with the inversion procedure by performing several LIT
inversions: we use two di$erent values of ” = 5, 10 MeV,
vary N from 6 to 8 and use n0 = 0.5, 1.5, a non-linear
parameter of the basis states which governs the threshold
behavior [46].

FIG. 1. 16O(e, e→) di!erential cross section as a function of
the energy transfer: LIT-CC and SF calculations with cor-
responding uncertainties (see text for details) compared to
experimental data from Refs. [49, 50].

Following Ref. [51], we estimate the uncertainty of
the chiral e$ective field theory truncation in powers of
p/%ϑ, which is intrinsic to the nuclear potentials of our
choice, using the Gaussian Process (GP) error model [52].
We compute observables also with the NNLOsat poten-
tial [53] in the &-less chiral theory and use it as a ref-
erence to ensure that the &-full predictions can be ex-
pressed as smooth O(1) curves to which the GP model
can be fit. This model allows us to validate our choices of
p and %ϑ in addition to several other assumptions made
in the uncertainty analysis (see Ref. [51, 54]). Among
the choices we explored, we found that p ↑ 250 MeV,
%ϑ ↑ 450 MeV, yields the best GP fits under the di-
agnostic criteria discussed in Ref. [52]. We notice that

the former is roughly equal to the Fermi momentum of a
nucleon in the nucleus and the latter corresponds to the
cuto$ of the chiral interactions used in this work.
Overall, the uncertainty bands in our LIT-CC results

represent a combination of the LIT inversion uncertainty
and the chiral truncation uncertainty. The former, de-
picted as a darker band in the Figures, is dominant near
the threshold, while the latter, combined in quadrature
with the former to form the lighter band, becomes more
significant at higher energies. The LIT inversion uncer-
tainty also includes the ⊋! dependence (estimated by
varying it in the 14↓ 20 MeV range), which is negligibly
small and therefore not shown separately. E$ects from
neglected triples excitations in the CC method and two-
body currents are not included in the uncertainty anal-
ysis. In our power counting [55], the latter are expected
to be smaller than or comparable to the truncation error
estimated from the potentials.
Results— In Figure 1, we present our LIT-CC calcu-

lation of the 16O(e, e→) reaction at E = 537 MeV and
ε = 37.1↑ (for momentum transfer q ↔ 330 MeV/c), and
compare it to calculations based on the spectral func-
tion (SF) formalism [56] and to data from Refs. [49, 50].
Experimentally, the 12C-ϑ breakup threshold is located
7.162 MeV [57], slightly above the first 0+ excited state.
The 0+ excited state is known to have a ϑ-cluster struc-
ture [58] which is not well described at the CCSD ap-
proximation level. Therefore, the 12C-ϑ is not the first
break-up channel in our calculations, but rather the
proton-emission channel. To determine this threshold en-
ergy, we compute the proton separation energy using the
particle-removed CC method truncated at the two-hole-
one-particle excitation level [28, 29, 59], obtaining 10.6
MeV and 11.7 MeV for NNLOsat and &NNLOGO(450),
respectively, in fair agreement with the experimental
value of 12.1 MeV [57]. We observe several bound excited
states between 7 and 12 MeV with various multipolari-
ties other than 0+, which we remove before inverting,
similarly to what was done in Ref. [46]. Finally, to com-
pare with the data taken at a fixed electron-scattering
angle, we performed several calculations on a grid of mo-
mentum transfers, using a mesh spacing of 10 MeV, and
interpolated linearly between the points.

In Figure 1, we see that the full treatment of the FSI
achieved by the LIT-CC results gives an excellent de-
scription of data. While the SF approach, where the
plane-wave impulse approximation is used, overestimate
the data in the quasi-elastic peak, as expected in this
momentum regime. The uncertainty of the SF result
comes from the propagation of the error in the spectral
reconstruction of the SF computed within the coupled-
cluster method. Typically, the SF approach works well
for q > 500 MeV/c [56].

The measurements in Refs. [49, 50] did not perform
a Rosenbluth separation; therefore, we cannot individ-
ually compare the calculated electromagnetic response

J. Sobczyk et al, PRL 134 (2025) 20, 202501

J. Sobczyk et al, PRC 109 (2024) 2, 025502
A.Lovato et al, PRL 117 (2016) 8, 082501

A.Lovato et al, PRX 10 (2020) 3, 031068
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Input parameters and their precision: LQCD

7

LQCD can provide inputs to be included in EFTs and nuclear many-body methods

Getting to “Known Unknowns”

10

νA

The first steps towards getting few-% cross-section uncertainties are understanding what 
input parameters we will need and what precision we will need them at.

Nucleon form 
factors

Resonance 
production

Two-body 
currents

Quark and gluon 
PDFs

• There is no EFT that coverages over all of DUNE kinematics 

• We need data-driven nuclear models exploiting the generic hierarchy 
N-nucleon effects >> (N+1)-nucleon effects

• We need several few-nucleon observables (at …% precision) as inputs to 
anchor these models in experimental data + Standard Model theory

Courtesy of M. Wagman
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FIG. 2. The nucleon axial form factor FA(Q
2) determined us-

ing fits to neutrino-deuteron scattering data using the model-
independent z expansion from Ref. [65] (D2 Meyer et al.)
are shown as a blue band in the top panel. LQCD results
are shown for comparison from Ref. [30] (LQCD Bali et al.,
green), Ref. [34] (LQCD Park et al., red) and Ref. [35] (LQCD
Djukanovic et al., purple). Bands show combined statistical
and systematic uncertainties in all cases, see the main text
for more details. A dipole parameterization with MA = 1.0
GeV and a 1.4% uncertainty [107] is also shown for compari-
son (black). The lower panel shows the absolute value of the
di↵erence between D2 Meyer et al. and LQCD Bali et al.
results divided by their uncertainties added in quadrature,
denoted �FA/�; very similar results are obtained using the
other LQCD results.

factor results determined from experimental neutrino-
deuteron scattering data in Ref. [65]. Fits were performed
using results with Q

2
 1 GeV2 in Refs. [30, 34, 65] and

with Q
2
 0.7 GeV2 in Ref. [35] with the parameteri-

zation provided by the z expansion used to extrapolate
form factor results to larger Q

2. Clear agreement be-
tween di↵erent LQCD calculations can be seen. However,
the LQCD axial form factor results are 2-3� larger than
the results of Ref. [65] for Q

2 & 0.3 GeV2. The e↵ects of
this form factor tension on neutrino-nucleus cross section
predictions is studied using nuclear many-body calcula-
tions with the GFMC and SF methods in Sec. IV below.
The LQCD results of Refs. [30, 34] lead to nearly in-
distinguishable cross-section results that will be denoted
“LQCD Bali et al./Park et al.” or “LQCD” below and
used for comparison with the deuterium bubble-chamber
analysis of Ref. [65], denoted “D2 Meyer et al.” or “D2”
below.

IV. FLUX-AVERAGED CROSS SECTION
RESULTS

To evaluate both the nuclear model and nucleon axial
form factor dependence of neutrino-nucleus cross-section
predictions and their agreement with data, the GFMC
and spectral function methods are used to predict flux-
averaged cross sections that can be compared with data
from the T2K and MiniBooNE experiments. The Mini-
BooNE data for this comparison is a double di↵eren-
tial CCQE measurement where the main CC1⇡+ back-
ground has been subtracted using a tuned model [13],
and the T2K data is a double di↵erential CC0⇡ measure-
ment [114]. Muon neutrino flux-averaged cross sections
were calculated from

d�

dTµd cos ✓µ

=

Z
dE⌫�(E⌫)

d�(E⌫)

dTµd cos ✓µ

, (43)

where �(E⌫) are the normalized ⌫µ fluxes from Mini-
BooNE and T2K. Details on the neutrino fluxes for
each experiment can be found in the references above.

d�(E⌫)
dTµd cos ✓µ

are the corresponding inclusive cross sections

computed using the GFMC and SF methods as described
in Sec. II.

The fractional contribution of the axial form factor
to the one-body piece of the MiniBooNE flux-averaged
cross section is determined by including only pure axial
and axial-vector interference terms in the cross section
and shown in Fig. 3. These pure axial and axial-vector
interference terms account for half or more of the to-
tal one-body cross section for most Tµ and cos ✓µ, which
emphasizes the need for an accurate determination of the
nucleon axial form factor.

Figures 4 and 5 show the GFMC and SF predictions for
MiniBooNE and T2K, respectively, including the break-
down into one-body and two-body contributions. For
these comparisons we use the D2 Meyer et al. z expan-
sion for FA. Two features of the calculations should be
noted before discussing the results of these comparisons.
First, the uncertainty bands in the SF come only from the
axial form factor, while the GFMC error bands include
axial form factor uncertainties as well as a combination
of GFMC statistical errors and uncertainties associated
with the maximum-entropy inversion. Secondly, the axial
form factor enters into the SF only in the one-body term,
in contrast to the GFMC prediction where it enters into
both the one-body and one and two-body interference
term.

Below in Table I we quantify the di↵erences between
GFMC and SF predictions for both MiniBooNE and
T2K. The percent di↵erence in the di↵erential cross sec-
tions at each model’s peak are shown. The GFMC predic-
tions are up to 20% larger in backwards angle regions for
MiniBooNE and 13% larger for T2K in the same back-
ward region. The agreement between GFMC and SF
predictions is better at more forward angles but a 5-10%
di↵erence persists.
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cross section is determined by including only pure axial
and axial-vector interference terms in the cross section
and shown in Fig. 3. These pure axial and axial-vector
interference terms account for half or more of the to-
tal one-body cross section for most Tµ and cos ✓µ, which
emphasizes the need for an accurate determination of the
nucleon axial form factor.

Figures 4 and 5 show the GFMC and SF predictions for
MiniBooNE and T2K, respectively, including the break-
down into one-body and two-body contributions. For
these comparisons we use the D2 Meyer et al. z expan-
sion for FA. Two features of the calculations should be
noted before discussing the results of these comparisons.
First, the uncertainty bands in the SF come only from the
axial form factor, while the GFMC error bands include
axial form factor uncertainties as well as a combination
of GFMC statistical errors and uncertainties associated
with the maximum-entropy inversion. Secondly, the axial
form factor enters into the SF only in the one-body term,
in contrast to the GFMC prediction where it enters into
both the one-body and one and two-body interference
term.

Below in Table I we quantify the di↵erences between
GFMC and SF predictions for both MiniBooNE and
T2K. The percent di↵erence in the di↵erential cross sec-
tions at each model’s peak are shown. The GFMC predic-
tions are up to 20% larger in backwards angle regions for
MiniBooNE and 13% larger for T2K in the same back-
ward region. The agreement between GFMC and SF
predictions is better at more forward angles but a 5-10%
di↵erence persists.

• Axial form factors determination from LQCD

• Exploratory studies on amplitudes containing pions

Y. S. Gao et al., “Lattice QCD Study of Pion Electroproduction and Weak Pion 
Production,” PRL 134, 171904 (2025)

C.Alexandrau, et al, “Elastic Nucleon-Pion scattering amplitudes in the ∆ 
channel at physical pion mass from Lattice QCD”, Phys.Rev.D 109 (2024) 3, 3

A. Grebe, et al, “Nucleon-Pion Spectroscopy from Sparsened Correlators”, 
PoS LATTICE2023 (2024) 049

D. Djukanovic et al., “The isovector axial form factor of the nucleon from 
lattice QCD,” Phys. Rev. D 106, 074503 (2022)

O. Tomalak, et al, “Confronting the axial-vector form factor from lattice QCD 
with MINERvA antineutrino-proton data,” Phys. Rev. D 108, 074514 (2023).
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Two nucleon emission
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Fig. 3. Single di!erential cross sections as a function of (a) the cosine of the 
opening angle between the protons in the lab frame, cos(𝜔 𝜀𝜗𝜛 ⋛ 𝜀𝜗𝜚

), and (b) the 
cosine of the opening angle between the muon and total proton momentum 
vector, cos(𝜔 𝜀𝜗𝜍 ⋛ 𝜀𝜗sum

). The inner error bands on the data represent the statistical 
uncertainty while the outer error bands represent the systematic uncertainty. 
A 𝜑2ωndf, considering systematic and statistical uncertainties, is calculated be-
tween the data and each model set curve. Details of the generator predictions 
are given in Section 3.

gated through the standard simulation and reconstruction chain: using 
NuWro-generated events, and using the nominal GENIE MC with the 
weight for MEC events scaled by a factor of two. Using only the co-
variance matrices related to neutrino interaction and statistical uncer-
tainties, the cross-section is extracted from these fake-data predictions. 
We found that the di!erences between the extracted cross section and 
the alternative generator prediction are well covered by the neutrino 
interaction and statistical uncertainties.

Fig. 3 shows the single di!erential cross sections as functions of co-
sine of 𝜔 𝜀𝜗𝜛⋛ 𝜀𝜗𝜚

 [Fig. 3(a)] and cosine of 𝜔 𝜀𝜗𝜍 ⋛ 𝜀𝜗sum
 [Fig. 3(b)]. The black 

points represent the extracted cross section from data with the inner 
error bands representing the statistical uncertainty and the outer er-
ror bands representing the systematic uncertainty. The dominant uncer-
tainties on the total event rate prediction are comprised of the system-
atic uncertainties on modeling MEC interactions (which enter primarily 
through their impact on the signal selection e"ciency) and uncertainties 
related to the space-charge response and recombination e!ects within 
the detector modeling. The fractional uncertainty in each bin ranges 
between 13% and 24%.

We compare the di!erent generator predictions to our data via a 𝜑2

metric constructed using a covariance matrix derived from the Wiener 
SVD unfolding procedure. The covariance matrices associated with the 
unfolded cross sections (provided in the supplemental material) have 
large o!-diagonal elements, such that bin-to-bin correlations cannot be 

Fig. 4. Single di!erential cross section as a function of the magnitude of the 
transverse momentum of the #nal state system, 𝛻𝜗𝜕 = ⌋⌋⌋ 𝜀𝜗

𝜍
𝜕 + 𝜀𝜗𝜛

𝜕 + 𝜀𝜗𝜚
𝜕
⌋⌋⌋. The inner 

error bands on the data represent the statistical uncertainty while the outer error 
bands represent the systematic uncertainty. A 𝜑2ωndf, considering systematic 
and statistical uncertainties, is calculated between the data and each model set 
curve. Details of the generator predictions are given in Section 3.

neglected when assessing the level of generator agreement with our 
data. Consequently, the ordering of agreement between di!erent gen-
erator predictions can be quite di!erent from the ordering which would 
be expected by assuming a diagonal covariance matrix.

When extracting the cross section from data, we #nd that the GiBUU, 
GENIE MicroBooNE Tune, and GENIE Nieves models are compatible 
with our data in cos(𝜔 𝜀𝜗𝜛⋛ 𝜀𝜗𝜚

), and the GiBUU and NEUT models have 
the best agreement with our data in cos(𝜔 𝜀𝜗𝜍 ⋛ 𝜀𝜗sum

). The 𝜑2 per degree of 
freedom (𝜑2ωdof) is calculated between the data and each model set 
curve. The number of degrees of freedom is equal to the number of his-
togram bins. Both systematic and statistical uncertainties on the data 
are considered in this calculation.

The GENIE Empirical model has the worst agreement with the data, 
exhibiting a 𝜑2ωdof = 23.91ω8. In terms of the normalisation, we observe 
an over-prediction in the region of low cos(𝜔 𝜀𝜗𝜛⋛ 𝜀𝜗𝜚

) from the GENIE Em-
pirical model. The GENIE SuSAv2 model is over-predicted throughout 
the reported phase space in both opening-angle distributions which is 
likely caused by the increased CC2p2h cross-section normalization. De-
spite the tune of CC2p2h cross-section parameters, the GENIE Micro-
BooNE and GENIE Nieves predictions have approximately equal agree-
ment with data in both opening angle distributions. The GiBUU model 
set is found to have the best agreement in both distributions.

We further show the single di!erential cross sections for the data and 
the models as functions of 𝛻𝜗𝜕  in Fig. 4. In this variable, NuWro has the 
largest disagreement with the data with a 𝜑2/dof = 16.33ω7. The NuWro 
distribution has a distinctive shape with a larger normalization than any 
other model or the data in the #rst bin. The reason for this is that Nieves 
and NuWro form their initial hadronic states in di!erent ways. In the 
GENIE implementation of the GENIE Nieves model set, two nucleons are 
selected from the Fermi sea of the nucleus [24]. The momentum of each 
nucleon is then randomly sampled from a distribution of the initial state 
nucleon momentum [23] formed from the LFG nuclear model [22]. In 
NuWro, the selection of the two nucleons and their momenta is similar 
to the GENIE implementation of GENIE Nieves, but the two nucleons 
are required to have back-to-back momenta in the initial state [49]. The 
over-prediction of NuWro at low 𝛻𝜗𝜕  has also been observed in ref. [50], 
which also #nds this over-prediction in the absence of FSI, indicating 
that the excess is an initial state e!ect. In contrast, the GENIE SuSAv2 
model has an over-predicted normalization in all bins. Our data shows 
agreement with the NEUT, GiBUU, GENIE Nieves, and GENIE Empirical 
model sets. Furthermore, the GENIE MicroBooNE tune prediction has a 
larger disagreement with the data than its base model, GENIE Nieves.

Physics�Letters�B�872��������140052�
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FIG. 7: Flux-folded di!erential cross section for ωµ on
12C in εpT including only the leading proton at T2K for
both outgoing pp pairs (blue) and np pairs (red). The
FG results correspond to the solid lines, while those
with the SF are the dashed lines. The bottom plot

shows the ratio of the FG to SF prediction for both pp
and np pairs.

displayed in Fig. 8. Though T2K has not measured this
distribution for multi-nucleon events, experiments like
MicroBooNE, SBND, and Icarus have or are planning to
measure this quantity in two-proton knockout events [48].
For these pp events, the FG predicts more events at back-
wards angles while for np events the distribution of angles
between outgoing nucleons is very similar for the FG and
SF. This constitutes the first microscopic prediction of
this observable and is made possible by our fully exclu-
sive implementation of meson-exchange currents.

IV. CONCLUSIONS

In this work, we make several improvements to the SF
formalism to accurately model two-nucleon knockout re-
actions induced by MEC. We employ a two-nucleon SF
obtained from VMC calculations, retaining information
on the angular correlations between the nucleons. More-
over, we updated the current operators used to describe
the ” contribution by adopting updated axial and vector
form factors and an improved parameterization of the ”
propagator.

We compare our predictions with semi-exclusive
electron–carbon scattering data and validate our frame-
work by recovering the Fermi-gas results presented in
Ref. [45]. To obtain these results, we developed a Monte

FIG. 8: Flux-folded di!erential cross section for ωµ on
12C in the angle between outgoing nucleons at T2K for
both outgoing pp pairs (blue) and np pairs (red). The
FG results correspond to the solid lines, while those
with the SF are the dashed lines. The bottom plot

shows the ratio of the FG to SF prediction for both pp
and np pairs.

Carlo event generator that provides the complete kine-
matics of both outgoing nucleons and the outgoing lep-
ton on an event-by-event basis. This generator is ide-
ally suited for producing multidimensional distributions
of experimental interest. Moreover, after incorporating
intranuclear cascade e!ects, the generated events can be
directly interfaced with experimental simulation frame-
works to predict the full detector response to meson-
exchange current processes.
We consider the electroweak case and present results

for mono-energetic and flux-folded neutrino cross sections
on a carbon target. We observe that the cross sections
favor the emission of nucleons in predominantly back-to-
back configurations. In general, the Fermi-gas predic-
tions plotted as a function of the cosine of the outgoing
nucleons angle are more broadly distributed than those
obtained using the SF, reflecting the isotropic nature of
the Fermi-gas model and the correlations between qrel
and Qtot present in the spectral-function approach.
We also observe di!erences in the leading-proton mo-

mentum distributions for both np and pp emission chan-
nels when comparing the Fermi-gas and spectral-function
calculations, indicating that nucleon–nucleon correla-
tions play an important role in reproducing experimen-
tally measured distributions in neutrino scattering. Fo-
cusing on flux-folded cross sections using the T2K neu-
trino flux, we find that, in both pp and np channels, the

• Short-time approximation• Spectral function using QMC distributions 

Critical to support these measurements
developing nuclear models able to describe these 
‘exclusive’ scattering with high accuracy

Phys. Lett. B 872 (2026) 140052
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FIG. 8: Longitudinal (top) and transverse (bottom)
response densities at |q| = 570 MeV/c and Ec.m. = 87
MeV. Contributions from pp and nn pairs are shown in

red dashed lines and blue dashed-dotted lines,
respectively, and total responses in solid black lines.
Total one-body and interference contributions are
shown in solid green and orange lines, respectively.

Table I. These are defined as [12]:

G2
ω
(Q2

qe)Sω(q) =

∫ →

εel

dωRω(q,ω) (14)

=
∑

Mi

→!i|O
†
ω
(q)Oω(q)|!i↑ . (15)

where the factor G2
ω
(Q2

qe) denotes the square of the ap-
propriate combination of nucleon electromagnetic form
factors [7, 37] evaluated at Q2

el =q2
↓ω2

el. In Table I, we
report the values of the sum rules obtained by i) inte-
grating the STA response functions, as shown in the first
expression in Eq. (14); and ii) calculating the current-
current matrix element as illustrated in the second ex-
pression in Eq. (14) within the STA, that is neglecting
three- and four-nucleon terms. In the table, the former
are denoted with ‘Sint

ω
’ (blue squares in Fig. 9) and the

latter with ‘Scc
ω
’ (black circles in Fig. 9). Values in paren-

theses are obtained from one-body currents alone. We
compare our results with those obtained from GFMC
evaluations, denoted in the table with ‘SGFMC

ω
’ (green

lines in Fig. 9). Both sum rules, namely the Sint
ω

(squares)
and Scc

ω
(circles), are in agreement with the GFMC sum

rules at a few percent level, with Scc
ω

providing a closer

FIG. 9: 12C longitudinal and transverse STA sum rules,
Sint
L/T

(blue squares) and SccL/T (black circles), compared

with the GFMC results SGFMC
L/T

from Ref. [38] (green

lines). See text for explanations.

match to the GFMC results. The Sint
ω

sum rules underes-
timate the GFMC results. In fact, the response densities
are calculated up to finite values of center-of-mass and
relative energies, therefore the integrated sum rules miss
strength coming from contributions found beyond these
finite energy ranges. In Fig. 9, with empty markers we in-
dicate sum rules obtained with one-body operators, while
those inclusive of two-nucleon currents are represented by
full markers. Similarly, GFMC results based on the one-
body operator are given by the dashed line, and those
based on one- and two-body operators are indicated by
solid lines.

V. RESULTS

In this section, we summarize our calculations. Specif-
ically, we report the results obtained within the STA for
i) response densities; ii) response functions; and iii) inclu-
sive double di”erential cross sections of electron scatter-
ing from 12C. Where available, we compare with GFMC
theoretical calculations from Ref. [18], and experimental
data from the studies of Refs. [39, 40].

A. Response Densities

Response densities for 12C are evaluated for five val-
ues of momentum transfer (|q| = 300, 450, 570, 650 and
800 MeV/c). In Fig. 6, we show the results obtained for
|q| = 300, 450, and 570 MeV/c. The surface plots are
functions of the nucleon pair’s relative, e, and center of
mass, Ecm, energies, evaluated on equally spaced grids
with 10 MeV spacing. Specifically, we use values up to
e ↔ Ecm ↔ 500 MeV, which are su#cient to capture the
main peak of the responses in the transfer momentum
range we are considering here. This choice is dictated by
the computational cost of the calculations and leads to
missing strengths at the tails as the value of momentum

12C
16O

L. Andreoli et al, Phys.Rev.C 110 (2024) 6, 064004
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Event Generators for High-Energy Physics Experiments

We provide an overview of the status of Monte-Carlo event generators for high-energy particle
physics. Guided by the experimental needs and requirements, we highlight areas of active de-
velopment, and opportunities for future improvements. Particular emphasis is given to physics
models and algorithms that are employed across a variety of experiments. These common themes
in event generator development lead to a more comprehensive understanding of physics at the
highest energies and intensities, and allow models to be tested against a wealth of data that have
been accumulated over the past decades. A cohesive approach to event generator development will
allow these models to be further improved and systematic uncertainties to be reduced, directly
contributing to future experimental success. Event generators are part of a much larger ecosystem
of computational tools. They typically involve a number of unknown model parameters that must
be tuned to experimental data, while maintaining the integrity of the underlying physics models.
Making both these data, and the analyses with which they have been obtained accessible to future
users is an essential aspect of open science and data preservation. It ensures the consistency of
physics models across a variety of experiments.
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The propagation of hadrons through the nuclear medium is crucial in the 
analysis of neutrino oscillation experiments.


In event generators nuclear inputs are crucial in the 
modeling of:


• Nucleons spatial and momentum distributions

• Hadron propagation; elastic and inelastic scattering

• Nuclear clustering

Event generators involve unknown model 
parameters that must be tuned to experiments, 
while maintaining the integrity of the underlying 
nuclear physics models. 
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