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We present calculations of various electroweak response functions for the %0 nucleus obtained using
coupled-cluster theory in conjunction with the Lorentz integral transform method. We employ nuclear
forces derived at next-to-leading order and next-to-next-to-leading order in chiral effective field theory and
perform a Bayesian analysis to assess uncertainties. Our results are in good agreement with available
electron-scattering data at |q| ~ 326 MeV/c. Additionally, we provide several predictions for the weak
response functions in the quasielastic peak region at |q| = 300 and 400 MeV /c, which are critical for long-

baseline neutrino experiments.
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Introduction—While the standard model accurately
describes the interactions of leptons with elementary parti-
cles, the cross sections for leptons interacting with atomic
nuclei involve significantly larger theoretical uncertainties.
This is due to the fact that the nucleus is a complex many-
body system composed of protons and neutrons held together
by the strong force in a nonperturbative regime [1-3].
Recent advancements in nuclear theory have made substan-
tial progress in calculating nuclear properties, including both
static and, to a lesser extent, dynamic properties [4,5]. The
use of chiral effective field theory [6-8] in combination with
modern computational tools, often referred to as the ab initio
approach [9,10], holds the greatest promise for quantifying
and potentially reducing uncertainties.

In addition to providing a powerful means of probing
nuclear structure, lepton-nucleus scattering is crucial for
both astrophysics and particle physics. In astrophysics, the
detection of neutrinos with energies on the order of 10 MeV
originating from a supernova explosion in our Galaxy can
provide insights into the progenitor and the explosion
mechanism [11]. In particle physics, the discovery that
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neutrinos have nonzero masses and undergo oscillations is
among the most groundbreaking findings of this century.
Understanding the oscillation mechanism through long-
baseline neutrino experiments will be a major focus of
physics research in the coming decades [12,13]. Unlike the
(e,€') case, where the initial and final electron energies
are known, the incident neutrino energies must be recon-
structed in these experiments. Accurate interpretation of
the data on neutrino masses and mixing angles depends on
reliable calculations of neutrino-nucleus scattering, par-
ticularly in the quasielastic kinematic regime at energies
from a few hundred MeV to a few GeV [14]. Interestingly,
in this range, precise electron-scattering experiments
can be used to cross-check the implementation of the
weak current operators, whose vector parts are the electro-
magnetic current operators that are probed by electron-
scattering experiments. Furthermore, comparison with
existing electron-scattering data also provides a validation
of the treatment of the many-body dynamics.

Numerous (e, ¢’) cross section measurements have been
conducted in the past for stable nuclei across the nuclear
chart [15]. Among the nuclear targets relevant for the long-
baseline neutrino program, the most extensively studied
nucleus is '°C, while '%0 and *°Ar remain comparatively less
explored [16-27]. In the standard shell-model picture, both
12C and "0 are closed-shell nuclei, whereas “’Ar is an open-
shell nucleus. '?C has been extensively investigated using
Quantum Monte Carlo methods [28-30]. The a-cluster
structure of its ground and excited states [31,32] presents
challenges for several other ab initio approaches. In contrast,
inelastic scattering observables for the heavier nuclei '°0 and
“0Ar remain unexplored within an ab initio framework,
although elastic scattering off “°Ar has been studied [33].

Published by the American Physical Society
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In this Letter, we focus on the inelastic lepton-scattering
observables of '°0 for the first time within the ab initio
approach. Our method of choice is the coupled-cluster
theory [34-38], a well-established many-body method
which scales polynomially with the system size. We use
nuclear forces derived from chiral effective field theory
[6-8]. Our approach links directly to the fundamental
interactions of the standard model up to rigorous uncer-
tainty estimates. This is an essential step toward a similar
treatment of “’Ar, enabled by recent advances in ab initio
methods for open-shell nuclei [39-42].

Theory—The inclusive differential cross sections for the
electron-scattering '°0(e, ¢’) reaction and the charged-
current  neutrino(antineutrino) ~ scattering  '%0(v,, e)/
1%0(p,, e*) reactions can be written as [5,43]

d’o, 0" 6 0
dgde‘/ =0y |:?RL (CU, q) + <tan2 5 + 2—q2> RT(O), q):|

Lo, G 0 o’
v/v
J0de = z—ﬂgklEICOS2 5 |:R00((U, CI) + qz Rzz(w’ 6])
o 0,0
- EROZ(a), q) + <tan2 ol 2q2> R (. q)
0 0 0
F tan3 tan2§+?ny(q’w)} (1)

Here, o, is the Mott cross section, G is the Fermi
constant, £’ and k' are the energy and momentum of the
outgoing lepton, +/— correspond to the neutrino and
antineutrino, respectively, and R, are the dynamical
response functions that depend on the energy transfer @
and the momentum transfer q, with Q% = ¢> — w”. We take
the momentum transfer ¢ = |q| along the z axis, such that x
and y are the transverse components of the current operator.
The response functions are, in general, given by

Rap(@.q) = > (¥¢|jal¥o) (¥s1js¥o) 6w + Eq — Ey),
-

(2)

where |¥,) and |¥/) are the nuclear ground and excited
states with energy E and E, respectively, and j, is the four-
vector current operator. For electron scattering, we separate

the current in isoscalar (S) and isovector (V) parts as

Jou = j((xs) + jflv), and we denote the only two nonvanishing

response functions Ry and R,, as R; and Ry, respectively.
The timelike and spacelike components of the isoscalar

electromagnetic four-vector current j((ls)

are given by
. ar |
jo = GH(Qer 2. 3)

and
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respectively. Here, Gy, = G}, + G}, are the isoscalar
electric and magnetic form factors, and p; = (p/; +p;)/2 =
p; +q/2 is the average of the initial and final momenta of
the nucleon. In chiral effective field theory, Eq. (3) con-
tributes at leading order and Eq. (4) is suppressed by one
power of the expansion parameter p/A,, where p is the
typical momentum of the process and A, is the breakdown
scale of the theory. The expressions for the isovector
electromagnetic current operator, j{(lv), can be obtained
from the substitutions 1/2 — 7;./2 and G}, — G}, =
GEp — Gl
For neutrino scattering, the charge-changing weak cur-

rent is taken as the sum of the vector term j&i), which is

V)

related to j, ' by arotation in isospin space, 7; . /2 — 7; . =

(+)

(zjx £ it;,)/2, and the axial term ji . Here, the spacelike

component

S(E) q6; - q \ o0 Ti+
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appears at the same order as Eq. (3), and the timelike (axial
charge) component

. p wo; - q i..T'.
7= =Ga(@) (o B L Jeun (g

is suppressed by a factor of p/A,, i.e., it contributes at
the same order as Eq. (4). In Egs. (5) and (6), the pion-
pole diagrams have been expressed in terms of the axial
form factor G,(Q?) by using a parametrization of the
pseudoscalar form factor Gp(Q?) motivated by the
Goldberger-Treiman relation [44]. Two-body corrections
are not included in this Letter. In our power-counting (see
Ref. [43]), they are suppressed by at least one chiral order
compared to their one-body counterparts.

To solve for the ground state of '%0, we first solve
the Hartree-Fock equations starting from the intrinsic
Hamiltonian with two- and three-nucleon forces from chiral
effective field theory. In a second step we normal-order the
Hamiltonian with respect to the Hartree-Fock state keeping
up to two-body terms, i.e., we use the normal-ordered two-
body approximation [45,46]. Finally, we include beyond-
mean-field correlations by employing the coupled-cluster
(CC) method [38]. Notably, Eq. (2) includes a sum over the
excited states of the nucleus, whose explicit calculation for
10 is presently out of reach due to the many simulta-
neously open channels in the continuum. We circumvent
the problem by using the Lorentz integral transform (LIT)
method [47], which is based on integral transforming the
response functions as
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Lyto.0) =+ [ do 20— i), )

where I is the width and o is the centroid of the Lorentzian
kernel. In this approach, |‘i‘a.ﬁ> are bound-state-like objects
and are, therefore, easier to calculate than |‘I’f> From a
numerical inversion of the transform we eventually retrieve
the response functions, which include the full final state
interaction (FSI) [47]. The LIT method has been exten-
sively used in few-body systems, also for electron [48] and
neutrino scattering [49]. Here, we use it in conjunction with
CC, adopting the so-called LIT-CC method, which has
been previously applied to photo-absorption and electron-
nucleus reactions [50-56].

Uncertainty quantification—The uncertainties in our
ab initio calculations pertain to three main domains:
(1) the truncation of the chiral effective field theory, (ii) the
inversion of the LIT, and (iii) truncations in the many-body
theory. Below, we explain how we assess them.

To estimate the uncertainty arising from the truncation of
the chiral expansion of the nuclear potentials, we use the
Gaussian Process (GP) error model [57]. We start from
interactions at next-to leading [ANLOgq(450)] and next-
to-next-to leading order [ANNLOgo(450)] explicitly
including A-degrees of freedom [58]. We then fit a GP
whose statistical properties provide estimates of the con-
tribution of neglected terms that are higher order in p/A,.
For further verification and for obtaining smooth O(1)
curves to which the GP model can be fit, we compute
observables also with the NNLO,, potential [59] in the
A-less chiral theory and use it as a reference to normalize
the fit data. The GP model allows us to validate our choices
of p and A,; see Refs. [60,61] for details. We explored
different choices and found that p ~250 MeV and A, =
450 MeV provide the best GP fits under the diagnostic
criteria discussed in Ref. [57]. We therefore adopt these
values in our uncertainty quantification. We notice that the
former is roughly equal to the Fermi momentum of a nucleon
in the nucleus and the latter corresponds to the cutoff of the
chiral interactions used in this Letter. Regarding the chiral
expansion of the electroweak current operator, we retain only
one-body terms and neglect two-body contributions. In our
power counting [62], two-body terms appear at higher order,
and therefore their effect is expected to be smaller than the
truncation error estimated from the potentials.

For the inversion of the LIT, we follow the strategy
already used in Refs. [55,56], where we expand the
response function in terms of a linear combination of N
basis states that depend on a nonlinear parameter. We deter-
mine the N linear coefficients by a least-squares fit [47]. We
estimate the uncertainty associated with the inversion
procedure by performing several LIT inversions: we use
two different values of ' = 5, 10 MeV, vary N from 6 to 8,
and use ny = 0.5, 1.5, a nonlinear parameter of the basis
states which governs the threshold behavior [55].

To estimate the uncertainty in the many-body theory
we proceed as follows. We calculate all observables in
the coupled-cluster singles and doubles scheme (CCSD)
[37,38] for an underlying harmonic oscillator frequency of
7Q = 14 MeV and a model space of 15 major oscillator
shells (N.x = 2n + [ = 14). A cut for matrix elements of
three-body forces ezpa = 2(n; +ny +n3) + 14+ +
[z < 16 has also been imposed. We checked that our results
are well converged with respect to N,,,. In fact, varying
7Q in the 14-20 MeV range contributes negligibly to the
overall uncertainty. Effects from neglected triples excita-
tions in the CC method are not included in the present
analysis. Preliminary calculations including triples indicate
that their effect is negligible in the quasielastic peak. A
more thorough analysis is left for future work.

Overall, among the three uncertainties, (i) and (ii)
dominate, while (iii) is negligible. All uncertainties are
summed in quadrature and represented as bands in the
figures. The chiral truncation uncertainty, (i), shown as a
lighter band, dominates in the quasielastic peak and in the
high-energy tail, while the LIT inversion uncertainty, (ii),
depicted as a darker band, dominates near the threshold.

Results—In Fig. 1, we present our LIT-CC calculation of
the '%0(e, ¢’) reaction at E = 537 MeV and 6 = 37.1° (for
momentum transfer ¢ ~330 MeV/c) and compare it to
calculations based on the spectral function (SF) formalism
[63] and to data from Refs. [64,65]. Experimentally, the
12C-a breakup threshold is located 7.162 MeV [66], slightly
above the first 0" excited state. The 0" excited state is
known to have a a-cluster structure [67] which is not well
described at the CCSD approximation level. Therefore, the
12C-a is not the first breakup channel in our calculations,
but rather the proton-emission channel. To determine
this threshold energy, we compute the proton separation
energy using the particle-removed CC method truncated
at the two-hole-one-particle excitation level [37,38,68],

E=537 MeV; 6=37.1"; la] = 330 MeV/c

—— SF
100} — LITCcC ]
‘,"’\,\ $ O'Connell et al.
7 : I
sol / \ ¥ Anghinolfietal. |

do/(dwdQ) [nb/(sr MeV)]

25 50 75 100 125 150 175 200 225
w [MeV]

FIG. 1. '%0(e, ¢') differential cross section as a function of the
energy transfer: LIT-CC and SF calculations with corresponding
uncertainties (see text for details) compared with experimental
data from Refs. [64,65].
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FIG. 2. %0 longitudinal (upper panel) and transverse (lower

panel) response functions: LIT-CC calculations with correspond-
ing uncertainties (see text for details), compared with the neural
network predictions from Ref. [69].

obtaining 10.6 MeV and 11.7 MeV for NNLOsat and
ANNLOG((450), respectively, in fair agreement with the
experimental value of 12.1 MeV [66]. We observe several
bound excited states between 7 and 12 MeV with various
multipolarities other than 0T, which we remove before
inverting, similar to what was done in Ref. [55]. Finally, to
compare with the data taken at a fixed electron-scattering
angle, we performed several calculations on a grid of
momentum transfers, using a mesh spacing of 10 MeV, and
interpolated linearly between the points.

In Fig. 1, we see that the full treatment of the FSI
achieved by the LIT-CC results gives an excellent descrip-
tion of data. While the SF approach, where the plane-wave
impulse approximation is used, overestimates the data in
the quasielastic 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 g > 500 MeV/c [63].

The measurements in Refs. [64,65] did not perform a
Rosenbluth separation; therefore, we cannot individually
compare the calculated electromagnetic response functions
R; and R; with experimental data. However, we can
compare them with the prediction obtained from the
Bayesian neutral network (BNN) devised in Ref. [69] which
is trained on the (e, ') scattering data of several symmetric

50

—— |q| =300 MeV/c
—— |q| =400 MeV/c

Roo(w) [GeV™!]
N w Sy
o o o

[y
o

Roz(w) [GeV~1]
= =
o [6,]

(%)

o o

w

E

Rz (w) [GeV~1]
N W

Rux(w) [GeV~1]

Ryy(w) [GeV™1]

—200

50 100 150 200 250 300
w [MeV]

FIG. 3. Five different charge-current response functions related
to the '°0(v;, I7) reaction for ¢ = 300, 400 MeV /¢ with corre-
sponding uncertainties (see text for details).

nuclei. Such a comparison is presented in Fig. 2 for the
momentum transfer value g = 335 MeV/c and energy
transfer from 0 to 300 MeV. The BNN predictions are
shown with the corresponding uncertainty, which is quite
large in this case due to the scarsity of available data for '°O.
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We observe that the BNN and LIT-CC results are
compatible, particularly at low energy, while a discrepancy
is seen for Ry beyond the quasielastic peak, where the BNN
prediction is consistently larger. This discrepancy can be
understood in light of the fact that the LIT-CC calculation
only includes one-body currents and does not account for
pion production mechanisms. The neglected two-body
currents would typically enhance the quasielastic peak [28],
as would the A-isobar currents, which are expected to cause
the rise in the response beyond @ = 200 MeV predicted by
the BNN. We note that the ~15-20% deficit in Ry strength
in the quasielastic peak region cannot be easily appreciated
in Fig. 1, as the cross section is dominated by the
longitudinal response at this kinematic setup.

We now turn to the discussion of the five 'O weak
response functions: Ry, R ;, Ry;, Ry, and R,,. These
functions are computed for two momentum transfers,
g =300 MeV/c and g =400 MeV/c, using 8 and 11
multipoles, respectively, to achieve convergence in the
decomposition of the electroweak current operator.
When inverting the LIT, we impose the threshold energy
of the '%0(,, e¢)p'°O channel amounting to 12.5 MeV and
13.6 MeV for NNLO,,; and ANNLOg(450), respectively,
which compares relatively well with the experimental value
of 14.4 MeV. As in the electromagnetic case, several
excited states below the nucleon-emission threshold were
identified and removed.

In Fig. 3, similar to the electromagnetic case, the
weak response functions exhibit a shoulder structure
near the threshold. This feature was also observed in our
LIT-CC calculations for “He [55] but not in the Quantum
Monte Carlo calculations for '*C [30]. The difference may
stem from variations in the employed Hamiltonian, the
many-body method, or the nucleus itself. The position of
the quasielastic peak in the weak response functions is
approximately the same as in the electromagnetic case. As
expected, and consistent with other findings [30], the peak
shifts to higher energies and its strength diminishes as the
momentum transfer increases. Finally, the uncertainties in
the results for ¢ = 300 and g = 400 MeV/c are generally
comparable in size, except for the Ry, response, where a
larger uncertainty at ¢ = 300 MeV/c is observed due to
larger differences between the predictions of different chiral
potentials.

Conclusions—Quasielastic  lepton-nucleus scattering
plays a crucial role in experimental programs aimed at
studying fundamental neutrino properties, necessitating
thorough calculations. Here, we compute and quantify
the uncertainties associated with a set of properties related
to '%0(e,e’) and '®O(v;,[”) scattering in the ab initio
LIT-CC framework using chiral forces. The observed
agreement with available electron-scattering data and
BNN-reconstructed responses provides an important vali-
dation of our approach. Additionally, computations of
electroweak responses are a key input for future analyses

of neutrino scattering on oxygen targets. For low-
momentum transfers, where the plane-wave impulse
approximation is not valid, these computationally intensive
results could serve as a direct link to the analysis of
experimental data if integrated into Monte Carlo event
generators.

This Letter represents the first attempt to provide ab initio
computations of electroweak reactions in the mass range of
A = 16 with quantified uncertainties. We estimate uncer-
tainties from different sources: some originate from the
many-body method and numerical procedures, which are
dominant at low-energy transfer, while others stem from
the truncation of the effective field theory used to model
the strong force, which dominate at higher energies and
are evaluated using modern statistical tools. Overall, our
uncertainty estimates are reasonable and comparable to
experimental errors when available. The potential to
improve and reduce theoretical uncertainties makes our
approach very promising. Future work in this area will
involve studying higher-order many-body correlations and
the effects of two-body currents.
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