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To achieve its design goals, the next generation of neutrino-oscillation accelerator experiments re-
quires percent-level predictions of neutrino-nucleus cross sections supplemented by robust estimates
of the theoretical uncertainties involved. The latter arise from both approximations in solving the
nuclear many-body problem and in the determination of the single- and few-nucleon quantities taken
as input by many-body methods. To quantify both types of uncertainty, we compute flux-averaged
double-differential cross sections using the Green’s function Monte Carlo and spectral function meth-
ods as well as different parameterizations of the nucleon axial form factors based on either deuterium
bubble-chamber data or lattice quantum chromodynamics calculations. The cross-section results are
compared with available experimental data from the MiniBooNE and T2K collaborations. We also
discuss the uncertainties associated with N → ∆ transition form factors that enter the two-body
current operator. We quantify the relations between neutrino-nucleus cross section and nucleon
form factor uncertainties. These relations enable us to determine the form factor precision targets
required to achieve a given cross-section precision.

I. INTRODUCTION

The study of neutrino processes is driven by deep ques-
tions whose answers may profoundly change our under-
standing of physics. In particular, given that neutri-
nos have mass and mix, the accelerator-neutrino pro-
gram aims at precisely measuring the parameters that
characterize their oscillations, investigating the possible
existence of a fourth neutrino flavor, and testing addi-
tional Beyond the Standard Model scenarios. The suc-
cess of these experiments rests on our ability to compute
neutrino-nucleus cross sections with quantified theoreti-
cal uncertainties [1]. The latter presently yield a sizable
contribution to the total error budget of oscillation pa-
rameters [2, 3].

On the other hand, accelerator neutrino experiments
allow us access to aspects of nuclear dynamics that would
otherwise be difficult to probe at electron-scattering fa-
cilities. The chief example is the axial form factor of
the nucleon. Its experimental determination dates back
to bubble chamber experiments carried out in the 70s
and 80s [4–8] and to electroweak single pion production
measured at ANL and BNL in the 80s [9–12]. A simple
dipole parameterization with axial mass MA ∼ 1 GeV re-
produces single-nucleon data. In contrast, a larger value
MA ∼ 1.2 GeV was required in order to make relativis-
tic Fermi Gas predictions for the neutrino-12C cross sec-
tions compatible with MiniBooNE data [13]. Note that
the spectral-function formalism, which includes the vast
majority of nuclear correlations, requires an even larger
value of MA to reproduce experimental data [14].

This apparent inconsistency appeared to be solved
by models that include two-body current operators, as
they can reproduce MiniBooNE and T2K data with
MA ∼ 1 GeV [15–21]. However, these models are
somewhat simplified, as they are based on a mean-field
description of nuclear dynamics. As in the one-body cur-

rent case, it may well be that when nuclear correlations
are accounted for there is room for larger values of MA.
This is confirmed by recent Green’s function Monte Carlo
(GFMC) results, which provide a full account of nuclear
correlations and two-body current effects [22]. However,
the non-relativistic nature of the GFMC hampers its ap-
plicability to neutrino accelerator experiments where the
neutrino flux energy is of the order of a few GeVs. The
spectral function (SF) method, relying on the factoriza-
tion of the final hadronic state, allows for the inclusion of
relativistic effects and exclusive channels while retaining
most of the important effects coming from multi-nucleon
dynamics. The factorization scheme has been extended
to include one- and two-body current operators in a con-
sistent fashion as well as pion production amplitudes and
validated against electron scattering data [23, 24]. The
spectral function of light and medium mass nuclei has
been recently computed exploiting quantum Monte Carlo
(QMC) techniques and shares with the GFMC the same
description of nuclear dynamics [25, 26]. Comparing
the results obtained for lepton-nucleus scattering using
these two different approaches enables a precise quan-
tification of the uncertainties inherent to factorization
schemes that need to be accounted for when assessing
the total error of the theoretical calculations in neutrino
oscillation analysis.

There has been significant recent progress in lattice
quantum chromodynamics (LQCD) calculations of nu-
cleon axial and vector form factors [27–35], which have
now been performed using approximately physical val-
ues of the quark masses as well as multiple lattice spac-
ings and volumes to enable continuum, infinite-volume
extrapolations [30, 34, 35]. Vector form factor results
show encouraging consistency between LQCD and ex-
perimental determinations [29, 34, 36]. Excited-state ef-
fects involving Nπ states have been identified as a sig-
nificant source of systematic uncertainty in LQCD cal-
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culations of axial form factors [28, 30, 34, 37–39]. More
sophisticated analysis strategies employed in recent cal-
culations [28, 30, 34], as well as variational methods used
to study ππ [40–44], Nπ [45–49], and NN [50–52] scatter-
ing and Nπ transition form factors [39] that enable Nπ
and other excited-state effects to be explicitly subtracted
from future nucleon elastic form factor calculations, pro-
vide paths towards better quantifying and reducing these
challenging systematic uncertainties. Although signifi-
cant future progress is expected, LQCD calculations of
nucleon axial form factors have progressed to a point
where it is important to understand the phenomenolog-
ical impact of current results and quantitatively estab-
lish what form factor precision is required to achieve the
cross-section precision needs of current and future neu-
trino oscillation experiments [53–55].

Current LQCD results predict a significantly larger ax-
ial form factor at Q2 ∼ 1 GeV2 than determinations from
deuterium bubble chamber data.1 LQCD form factor
results were incorporated into the GENIE [58] neutrino
event generator and shown to lead to significant differ-
ences in neutrino-nucleus cross sections in Ref. [54]. The
interplay of these form factor changes with other aspects
of GENIE remains to be studied, and in particular the
“empirical MEC model” of two-body currents in GENIE
and tuned versions of this model used in neutrino oscil-
lation experiments [59–61] are obtained by fitting cross-
section predictions to data while assuming a particular
axial form factor model for quasi-elastic contributions.
It is important to understand axial form factor effects on
the event generators used to analyze current experiments,
but using such a data-driven approach to two-body cur-
rent contributions makes it difficult to disentangle the ef-
fects and uncertainties associated with nucleon form fac-
tors from those associated with two-body currents and
other nuclear effects.

The theoretically well-defined separation between one-
and two-body currents in the GFMC and SF results of
this work, in conjunction with the study of nuclear model
dependence enabled by comparing two realistic many-
body methods, enables robust quantification of the ef-
fects and uncertainties of nucleon axial form factors and
other single-nucleon inputs to neutrino-nucleus cross sec-
tions. Parameterizing the nucleon axial form factor using
the model-independent z expansion [62–65] allows un-
certainty quantification to be performed without intro-
ducing any dependence on assumptions about the shape
of the axial form factor. Relations between neutrino-
nucleus cross section uncertainties and z expansion pa-
rameter uncertainties are determined below and used to
construct quantitative precision targets for future LQCD
calculations of nucleon axial form factors. The effects
of N → ∆ transition form factors uncertainties are also
studied.

1 A similar trend has recently been obtained within continuum
Schwinger function methods [56, 57].

This paper is organized as follows. Section II intro-
duces the formalism necessary to compute the inclusive
neutrino-nucleus cross section. Section III is dedicated to
the determination of the axial form factor and its uncer-
tainties estimation. Results are presented in Section IV,
while Section V provides concluding remarks and dis-
cusses the outlook for future work.

II. METHODS

In the one-boson exchange approximation, the
neutrino-nucleus double differential cross sections can be
written in the form(

dσ

dTµd cos θµ

)
ν/ν̄

=
G2

2π

k′

2Eν
[LCCRCC + 2LCLRCL

+ LLLRLL + LTRT ± 2LT ′RT ′ ],
(1)

where the +(-) sign corresponds to ν(ν̄) scattering. We
take G = GF cos θc, with GF = 1.1664 × 10−5 GeV−2

[66] and cos θc = 0.9740 [67] for charged current pro-
cesses studied here. The Li factors only depend upon
the kinematics of the initial and final state leptons, while
the electroweak response functions Ri are defined as lin-
ear combinations of different components of the hadronic
response tensor Rµν

Rµν =
∑
f

〈0|Jµ†|f〉〈f |Jν |0〉δ(E0 + ω − Ef ). (2)

where |0〉 is the nuclear ground state, |f〉 are all possible
final states of the A-nucleon system and Jµ is the nuclear
current operator. The response tensor contains all the in-
formation on the structure of the nuclear target, defined
in terms of a sum over all transitions from the ground
state to any final state, including states with additional
hadrons. In this work we consider the one- and two-body
contributions to the nuclear current operator

Jµ =
∑
i

jµi +
∑
j>i

jµij . (3)

and we will exclusively focus on final states involving only
nucleons, ignoring single-nucleon excitation processes.
Exact expressions for Li and Ri can be found in Ref. [68].

Computing the electroweak response functions in the
energy regime relevant to oscillation experiments is a
highly-nontrivial task. Existing approaches differ based
on approximation schemes and kinematic regimes of ap-
plicability. In this work, we will consider two different
methods that model the initial target state in a simi-
lar fashion, but differ in the treatment of the interaction
vertex and final-state interactions: the Green’s function
Monte Carlo, and the Spectral Function approaches.
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A. Green’s Function Monte Carlo

The response function in Eq. (2) is expressed in the
energy domain. It can be related to a matrix element of
electroweak currents in the time domain,

Rαβ(q, ω) =

∫
dtei(ω+E0)t 〈0|J†α e−iHt Jβ |0〉, (4)

where a completeness relation has been inserted to carry
out the sum over the possible final states of the A-nucleon
system. The non-relativistic nuclear Hamiltonian H used
in these calculations is comprised of the Argonne v18 [69]
(AV18) nucleon-nucleon potentials plus the Illinois-7 [70]
(IL7) three-nucleon force. The Green’s function Monte
Carlo method uses an imaginary-time projection to distill
information on the energy dependence of the response
functions. In particular, the imaginary-time response is
obtained by replacing the real time entering Eq. (4) with
the imaginary time t → −iτ . The Laplace transform
of the energy-dependent response, called the Euclidean
response function, is defined by

Eαβ(q, τ) =

∫ ∞
ωth

dω e−ωτRαβ(q, ω) , (5)

where ωth is the inelastic threshold. Bayesian tech-
niques, most notably Maximum Entropy [71, 72], can be
used to retrieve the energy dependence of the response
functions from their Laplace transform. Following this
strategy, GFMC calculations have been successfully per-
formed to obtain the inclusive electroweak response func-
tion of light nuclei while fully retaining the complexity of
many-body correlations and associated electroweak cur-
rents [22, 73, 74]. Recently, algorithms based on artifi-
cial neural networks have been developed to invert the
Laplace transform [75] and show better accuracy that
Maximum Entropy, especially in the low-energy transfer
region.

The five response functions entering the CC cross sec-
tion have been calculated with GFMC methods for mo-
mentum transfers in the range (100–700) MeV in steps
of 100 MeV. In order to compute the flux-averaged cross
sections presented in Sec. IV that involve larger momen-
tum transfers, we capitalize on the scaling features of the
GFMC response functions discussed in Refs. [22, 76, 77]
to interpolate and safely extrapolate them at momentum
transfers |q| > 700 MeV. The charge-changing weak cur-
rent is the sum of vector and axial components

Jµ = JµV + JµA,

J± = Jx ± iJy . (6)

These operators comprise both one- and two-body con-
tributions, whose expressions are reported in Ref. [68].
Here, we focus on the axial and pseudo-scalar one-body
contributions given by

j0
A = − FA

2mN
τ±σ · {k, eiq·r}

jA = −FAτ±
[
σeiq·r − 1

4m2
N

(
σ{k2, eiq·r} − {(σ · k)k, eiq·r}

− 1

2
σ · q{k, eiq·r} − 1

2
q{(σ · k), eiq·r}+ iq× keiq·r

)]
jµP =

FP
2m2

N

τ±q
µσ · qeiq·r , (7)

where mN is the nucleon mass. The parametrization of
the axial form factor FA has historically involved models
with and without over-constraining theoretical assump-
tions and will be a focus of this work in Sec. III A. For
the pseudo-scalar form factor, PCAC and pion-pole dom-
inance relations valid in leading order chiral perturbation
theory [78, 79] can be used to relate FP to FA as

FP =
2FAm

2
N

m2
π +Q2

, (8)

where Q2 = −q2 = −(q0)2 +q2 and mπ is the pion mass.
This relation is consistent with the pseudoscalar form
factor constraints extracted from precise measurements
of the muon-capture rate on hydrogen and 3He [80]. It
is also consistent with current LQCD results [30, 34].
Precise future LQCD calculations will further test Eq. (8)
and provide independent determinations of FP without
theoretical assumptions on its relation to FA.

The isovector two-body currents can be separated into
model-dependent and -independent terms. Those asso-
ciated with pion exchange are denoted as model inde-
pendent; they are constrained by the continuity equa-
tion and do not contain any free parameters, since they
are determined directly from the nucleon-nucleon inter-
action. The expressions adopted in this work and re-
ported in Refs. [68, 81] are consistent with the semi-
phenomenological AV18 interaction. The diagrams asso-
ciated with the intermediate excitation of a ∆ isobar are
purely transverse and generally referred to as model de-
pendent. Their expression can be found in Refs. [68, 81],
it is important to mention that in order to be used in
the GFMC calculations, the static ∆ approximation has
to be adopted, i.e. the kinetic-energy contributions in
the denominator of the ∆ propagator are neglected. The
impact of this approximations will be further discussed
when comparing the GFMC and SF results. Among the
axial two-body current operators, the leading terms of
pionic range are those associated with excitation of ∆-
isobar resonances, despite being less relevant the two-
body operators associated with axial πNN contact in-
teractions are also accounted for, we refer the reader to
Refs [68, 81] for a more detailed discussion of these con-
tributions.

B. Extended Factorization Scheme

At large values of momentum transfer (|q| & 400
MeV), a factorization scheme can be used in which the
neutrino-nucleus scattering is approximated as an inco-
herent sum of scatterings with individual nucleons, and
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the struck nucleon system is decoupled from the rest of
the final state spectator system. In the quasielastic re-
gion, the dominant reaction mechanism is single nucleon
knockout. In this case, the final state is factorized ac-
cording to

|f〉 = |p′〉 ⊗ |ΨA−1
f ,pA−1〉, (9)

where |p′〉 is the final state nucleon produced at the
vertex, assumed to be in a plane wave state, and
|ΨA−1
f ,pA−1〉 describes the residual system, carrying mo-

mentum pA−1.

Inserting this factorization ansatz as well as a single-
nucleon completeness relation gives the matrix element
of the 1 body current operator as

〈f |jµ|0〉 →
∑
k

[〈ΨA−1
f | ⊗ 〈k|]|0〉〈p|

∑
i

jµi |k〉, (10)

where p = q + k. This first piece of the matrix element
explicitly does not depend on the momentum transfer
and so can be computed using techniques in nuclear many
body theory. The second piece can be straightforwardly
computed once the currents jµi are specified as the single
nucleon states are just free Dirac spinors. Substituting
the last equation into Eq. 2, and exploiting momentum
conservation at the single nucleon vertex, allows us to
rewrite the one body contribution to the response tensor
as

Rµν1b (q, ω) =

∫
d3k

(2π)3
dEPh(k, E)

m2
N

e(k)e(k + q)

×
∑
i

〈k|jµ†i |k + q〉〈k + q|jνi |k〉

× δ(ω̃ + e(k)− e(p)),

(11)

where e(k) =
√
m2
N + k2. The factors mN/e(k) and

mN/e(k + q) are included to account for the covariant
normalization of the four spinors in the the matrix el-
ements of the relativistic current. The energy transfer
has been replaced by ω̃ = ω − mN + E − e(k) to ac-
count for some of the initial energy transfer going into
the residual nuclear system. Finally, the calculation of
the one-nucleon spectral function Ph(k, E) provides the
probability of removing a nucleon with momentum k and
leaving the residual nucleus with an excitation energy
E. Its derivation using QMC techniques is discussed in
Sec. II C.

The relativistic current used in Eq. (11) is given as a
sum of vector and axial terms which can be written as

jµV = F1γ
µ + iσµνqν

F2

2mN

jµA = −γµγ5FA − qµγ5 FP
mN

.

(12)

In the above, F1 and F2 are usual isovector and isoscalar
form factors which themselves are functions of the proton

and neutron electric and magnetic form factors. These
are highly constrained by electron scattering and we
adopt the Kelly parameterization in this work [82]. The
expression of the pseudo scalar form factor in terms of
the axial one is the same of Eq. (8). The details on the
different parameterizations adopted for FA are given in
Secs. III.

To treat amplitudes involving two-nucleon currents,
the factorization ansatz of Eq. (9) can be generalized as

|ψAf 〉 → |pp′〉a ⊗ |ψA−2
f 〉 . (13)

where |p p′〉a = |p p′〉−|p′ p〉 is the anti-symmetrized state
of two-plane waves with momentum p and p′. Following
the work presented in Refs. [23, 83, 84], the pure two-
body current component of the response tensor can be
written as

Rµν2b (q, ω) =
V

2

∫
dE

d3k

(2π)3

d3k′

(2π)3

d3p

(2π)3

m4
N

e(k)e(k′)e(p)e(p′)

× PNM
h (k,k′, E)

∑
ij

〈k k′|jµij
†|p p′〉a〈p p′|jνij |k k′〉

× δ(ω − E + 2mN − e(p)− e(p′)) . (14)

In the above equation, the normalization volume for the
nuclear wave functions V = ρ/A with ρ = 3π2k3

F /2 de-
pends on the Fermi momentum of the nucleus, which
for 12C is taken to be kF = 225 MeV. The factor 1/2
accounts for the double counting that occurs in this no-
tation (the product of the two direct terms is equal to
the one of the two exchange terms). Differently from
Refs. [23], the two-nucleon spectral function adopted in
this work is not factorized into the product of two one-
nucleon spectral functions, see Sec. II C for a detailed
discussion.

The two-body CC operator is given by the sum of
four distinct interaction mechanisms, namely the pion
in flight, seagull, pion-pole, and ∆ excitations [85, 86]

jµCC = (jµpif)CC + (jµsea)CC + (jµpole)CC + (jµ∆)CC. (15)

Detailed expressions for the first four terms of Eq. (15)
can be found in Refs. [23, 86]. Below, we only report the
two-body current terms involving a ∆-resonance in the
intermediate state, as we found them to be the dominant
contribution. Because of the purely transverse nature
of this current, the form of its vector component is not
subject to current-conservation constraints and its ex-
pression is largely model dependent, as discussed in the
previous section. The current operator can be written as
[85, 86]:

(jµ∆)CC =
3

2

fπNNf
∗

m2
π

{[(
− 2

3
τ

(2)
± +

(τ (1) × τ (2))±
3

)
× FπNN (k′π)FπN∆(k′π)(jµa )(1)

−
(2

3
τ

(2)
± +

(τ (1) × τ (2))±
3

)
±

)
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k k0

p0p

p�

q

k0⇡

p0p

k0⇡q
p�

k k0

(a) (b)

FIG. 1. Feynman diagrams describing of the first two contri-
butions to the two-body currents associated with ∆-excitation
processes. Solid, thick green, and dashed lines correspond to
nucleons, deltas, pions, respectively. The wavy line represents
the vector boson.

× FπNN (k′π)FπN∆(k′π)(jµb )(1)

]
Π(k′π)(2) + (1↔ 2)

}
(16)

where k′ and p′ are the initial and final momentum of
the second nucleon, respectively, while k′π = p′ − k′ is
the momentum of the π exchanged in the two depicted
diagrams of Fig. 1, f∗=2.14, and

Π(kπ) =
γ5/kπ

k2
π −m2

π

, (17)

FπN∆(kπ) =
Λ2
πN∆

Λ2
πN∆ − k2

π

, (18)

FπNN (kπ) =
Λ2
π −m2

π

Λ2
π − k2

π

, (19)

with ΛπN∆ = 1150 MeV and Λπ = 1300 MeV. The term
τ± = (τx±iτy)/2 is the isospin raising/lowering operator.
In Eq. (16), jµa and jµb denote the N → ∆ transition
vertices of diagram (a) and (b) of Fig. 1, respectively.
The expression of jµa is given by

jµa = (jµa )V + (jµa )A ,

(jµa )V = (k′π)αGαβ(p∆)
[CV3
mN

(
gβµ/q − qβγµ

)
+
CV4
m2
N

(
gβµq · p∆ − qβpµ∆

)
+
CV5
m2
N

(
gβµq · k − qβkµ + CV6 g

βµ
)]
γ5 ,

(jµa )A = (k′π)αGαβ(p∆)
[ CA3
mN

(
gβµ/q − qβγµ

)
+
CA4
m2
N

(
gβµq · p∆ − qβpµ∆

)
+ CA5 g

βµ +
CA6
m2
N

qµqα
]
, (20)

where k is the momentum of the initial nucleon which ab-
sorbs the incoming momentum q̃ and p∆ = q̃+k, yielding
p0

∆ = e(k) + ω̃. We introduced q̃ = (ω̃,q) to account for
the fact that the initial nucleons are off-shell. A similar
definition can be written down for jµb ; more details are
reported in Ref. [23, 24]. For CV3 we adopted the model
of Ref. [87], yielding

CV3 =
2.13

(1− q2/M2
V )2

1

1− q2/(4M2
V )
, (21)

with MV = 0.84 GeV. Following the discussion of
Ref. [86], we neglected the terms CV4 and CV5 which are
expected to be suppressed by O(k/mN ), while CV6 = 0 by
conservation of the vector current. However, it is worth
mentioning that including these terms in the current op-
erator would not pose any conceptual difficulty. To be
consistent, in the axial part we only retain the leading
contribution of Eq. (20), which is the term proportional
to CA5 defined as [88]

CA5 =
1.2

(1− q2/MA∆)2
× 1

1− q2/(3MA∆)2)
, (22)

with MA∆ = 1.05 GeV.
The Rarita-Schwinger propagator

Gαβ(p∆) =
Pαβ(p∆)

p2
∆ −M2

∆

, (23)

is proportional to the spin 3/2 projection operator
Pαβ(p∆). In order to account for the possible decay
of the ∆ into a physical πN , we replace M∆ → M∆ −
iΓ(p∆)/2 [89, 90] where the last term is the energy de-
pendent decay width given by

Γ(p∆) =
(4fπN∆)2

12πm2
π

|d|3√
s

(mN + Ed)R(r2) . (24)

In the above equation, (4fπN∆)2/(4π) = 0.38, s = p2
∆

is the invariant mass, d is the decay three-momentum in
the πN center of mass frame, such that

|d|2 =
1

4s
[s− (mN +mπ)2][s− (mN −mπ)2] (25)

and Ed =
√
m2
N + d2 is the associated energy. The ad-

ditional factor

R(r2) =

(
Λ2
R

Λ2
R − r2

)
, (26)

depending on the πN three-momentum r, with r2 =
(Ed −

√
m2
π + d2)2 − 4d2 and Λ2

R = 0.95m2
N , is in-

troduced to improve the description of the experimental
phase-shift δ33 [89]. The medium effects on the ∆ prop-
agator are accounted for by modifying the decay width
as

Γ∆(p∆)→ Γ∆(p∆)− 2Im[U∆(p∆, ρ = ρ0)], (27)
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where U∆ is a density dependent potential obtained from
a Bruckner-Hartree-Fock calculation using a coupled-
channel NN ⊕ N∆ ⊕ πNN model [91–94] and we fixed
the density at the nuclear saturation value ρ0 =0.16 fm3.
For a detailed analysis of medium effects in the MEC
contribution for electron-nucleus scattering see Ref. [24].

C. Spectral Function

The spectral function of a nucleon with isospin τk =
p, n and momentum k can be written as

Pτk(k, E) =
∑
n

|〈0|[|k〉 |ΨA−1
n 〉]|2δ(E + E0 − EA−1

n ) .

(28)

where |k〉 is the single-nucleon state, |0〉 is the ground
state of the Hamiltonian with energy E0, whereas |ΨA−1

n 〉
and EA−1

n are the energy eigenstates and eigenvalues of
the remnant nucleus with (A − 1) particles. The mo-
mentum distribution of the initial nucleon is obtained by
integrating the spectral function over the removal energy

nτk(k) =

∫
dEPτk(k, E) . (29)

We can rewrite the spectral function as a sum of a mean
field (MF) and a correlation (corr) term. For simplicity,
let us focus on the τk = p case; the MF contribution of
the proton spectral function is obtained by considering
only bound A− 1 states of the remnant nucleus

PMF
p (k, E) =

∑
n

|〈0A|[|k〉 ⊗ |ΨA−1
n 〉]|2

× δ
(
E −BA0 +BA−1

n − k2

2mA−1
n

)
, (30)

where BA0 and BA−1
n are the binding energies of the initial

and the bound A − 1 spectator nucleus with mass and
mA−1
n . The momentum-space overlaps 〈0A|[|k〉⊗ |ΨA−1

n 〉
pertaining to the p-shell contributions are computed by
Fourier transforming the variational Monte Carlo (VMC)
radial overlaps for the transitions [95]:

12C(0+)→11 B(3/2−) + p
12C(0+)→11 B(1/2−) + p
12C(0+)→11 B(3/2−)∗ + p .

The calculation of the s-shell mean-field contribution in-
volves non trivial difficulties for the VMC method, as
it would require to evaluate the spectroscopic overlaps
for the transitions to all the possible excited states of
11B with JP = (1/2+). To overcome this limitation, we
used the VMC overlap associated with the 4He(0+) →3

H(1/2+) + p transition and applied minimal changes to
the quenching factor which is needed to reproduce the
integral of the momentum distribution up to kF = 1.15

fm−1. More details about the adopted procedure are dis-
cussed in Ref. [26].

The correlation contribution to the SF is given by

P corr
p (k, E) =

∑
n

∫
d3k′

(2π)3
|〈0A|[|k〉 |k′〉 |ΨA−2

n 〉]|2

× δ(E + E0 − e(k′)− EA−2
n )

= Np
∑

τk′=p,n

∫
d3k′

(2π)3

[
np,τk′ (k,k

′)

× δ
(
E −B0 − e(k′) + B̄A−2 −

(k + k′)2

2mA−2

)]
,

(31)

to derive the last expression, we used a completeness re-
lation and assumed that the (A− 2)-nucleon binding en-
ergy is narrowly distributed around a central value B̄A−2.
The mass of the recoiling A − 2 system is denoted by
mA−2 and Np is an appropriate normalization factor. We
started from the VMC two-nucleon momentum distribu-
tion nτk,τk′ (k,k

′) of Ref. [96], but in order to isolate the
contribution of short-range correlated nucleons we per-
formed cuts in the relative momentum of the pairs, re-
quiring that the overall normalization and shape of the
one-nucleon momentum distributions are correctly recov-
ered.

In this work, we only consider the MF contribution to
the two-nucleon spectral function, i.e. we neglect contri-
butions where more than two nucleons are emitted. We
write PMF

τk,τ ′
k

as

PMF
τk,τ ′

k
(k,k′, E) = nτk,τk′ (k,k

′)

× δ
(
E −B0 + B̄A−2 −

K2

2mA−2

)
. (32)

where K = k + k′ is the total momentum of the pair. It
has been argued that the strong isospin dependence of
the two-nucleon momentum distribution, supported by
experimental data, persists for nuclei even larger than
12C [97–100]. In Refs. [23, 24] P (k,k′, E) has been writ-
ten as the product of two one-nucleon spectral func-
tions assuming that long-range correlations are absent.
In the present work, we go beyond this approximation
and adopt a novel definition of the two-nucleon spectral
function that retains correlations between the two struck
particles. A detailed comparison of the results obtained
with these different parametrizations of the two-nucleon
spectral functions will be carried out in a future work
and validated against electron scattering data.

III. NUCLEON AXIAL FORM FACTOR
EFFECTS AND UNCERTAINTIES

Imprecise knowledge of the nucleon axial form fac-
tor, FA, might lead to significant systematic uncertain-
ties in neutrino-nucleus cross-section calculations. This
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is in contrast with the nucleon vector form factors in
Eq. (12), which can be precisely determined using high-
statistics electron scattering experiments [101–105]. Cur-
rent experimental constraints on nucleon axial form fac-
tors come from beta decay measurements, neutrino scat-
tering on nuclear targets, and pion electroproduction [4–
8, 10–12, 64, 65]. These give weak constraints on FA
in comparison to the vector form factors, as beta decay
is only sensitive the absolute normalization gA = FA(0)
and neutrino scattering and pion electroproduction ex-
periments are limited by both statistics and nuclear mod-
eling uncertainties.

As LQCD calculations of nucleon form factors ma-
ture [27, 28, 30–35], it becomes increasingly important to
quantify the level of axial form factor precision required
to achieve a given level of neutrino-nucleus cross-section
accuracy. This is challenging because axial form factor
effects on flux-averaged neutrino-nucleus cross sections
can be difficult to disentangle from nuclear effects such
as two-body currents, as evident for example in the dif-
ferences between theoretical descriptions of MiniBooNE
data with either an unexpectedly slow falloff of the ax-
ial form factor with increasing momentum transfer [13]
or with larger than anticipated contributions from two-
body current effects [15–21]. This ambiguity between
one- and two-body current effects on flux-averaged cross
sections makes it essential to quantify the role of the nu-
cleon axial form factor in neutrino-nucleus cross-section
calculations using nuclear effective theories that provide
a consistent theoretical decomposition between one- and
two-body current contributions. The remainder of this
section discusses how to quantify nucleon axial form fac-
tor effects on neutrino-nucleus cross-section calculations
based on the model-independent z expansion and how to
estimate nucleon axial form faction precision needs us-
ing the GFMC and spectral function methods discussed
above.

A. Parametrization

Historically a dipole parametrization has often been
used for the axial form factor

FA(Q2) =
gA

(1 +Q2/M2
A)2

, (33)

where gA = 1.2723(23) has been measured from neutron
beta decay [106], and MA = 1.014 ± 0.014 GeV [107].
However, this one-parameter form is not expressive
enough to describe the shape of the axial form factor pre-
dicted by QCD. It has been demonstrated in Refs. [64, 65]
that assuming that the dipole parameterization is valid
when fitting to experimental results can lead to form fac-
tor fits with uncertainties that are underestimated by a
factor of ∼ 5 in comparison to those determined using
fits based off a model-independent z expansion.

Axial form factors in QCD are analytic functions of Q2

for Q2 = −t > −tc, where tc = 9m2
π is the location of the

t-channel cut, which enables an analytic function z(Q2)
to be defined as [62–64]

z(Q2) =

√
tc +Q2 −

√
tc − t0√

tc +Q2 +
√
tc − t0

, (34)

where t0 is an arbitrary parameter whose choice is dis-
cussed in Sec. III B below. The axial form factor can
therefore be expanded as a power series in z(Q2) for the
Q2 > 0 domain of interest for neutrino-nucleus scatter-
ing,

FA(Q2) =
∞∑
k=0

ak z(Q
2)k ≈

kmax∑
k=0

ak z(Q
2)k, (35)

where the z expansion coefficients ak include nucleon
structure information and kmax is a truncation parame-
ter required to make the number of expansion parameters
finite. The parameter a0 can be fixed by the sum rule

kmax∑
k=0

akz(0)k = gA. (36)

Constraints on the ak are also obtained by enforcing the
correct large Q2 behavior of the axial form factor, which
is predicted by perturbative QCD to be Q−4 up to loga-
rithmic corrections [108]. This asymptotic Q−4 behavior
can be enforced by demanding that FA(Q2) and its first
three derivatives with respect to 1/Q vanish for asymp-
totically large Q2, corresponding to z = 1, which is equiv-
alent to

dn

dzn
FA

∣∣∣∣
z=1

= 0 ; n = 0, 1, 2, 3, (37)

and therefore leads to the sum rules [109]

kmax∑
k=n

k!

(k − n)!
ak = 0 ; n = 0, 1, 2, 3. (38)

In practice, these constraints can be satisfied by first de-
termining the kmax and a1, . . . , akmax

preferred by a fit to
data (with a0 either treated as an additional independent
parameters or as being fixed by the constraint Eq. (36)),
and then replacing kmax with kmax + 4 and solving for
the four unconstrained coefficients using Eq. (38). The
remaining ak must then be fixed by information on the
Q2-dependence of the axial form factor determined theo-
retically using LQCD calculations or using fits to exper-
imental neutrino-nucleus scattering and pion electropro-
duction data.

The z expansion can be used to provide a model-
independent definition of the dependence of neutrino-
nucleus cross-section uncertainties on nucleon axial form
factor uncertainties. Any function σ(FA, X) that de-
pends on the axial form factor, as well as any number
of additional independent form factors and parameters
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schematically denoted by X, can be interpreted as a
function of the axial form factor z expansion coefficients,
σ(ak, X). The chain rule can then be used to relate the
relative uncertainties of σ, ak, and X

δσ

|σ|
=

∣∣∣∣Xσ
∣∣∣∣ δX|X| +

∑
k

∣∣∣∣ ∂σ∂ak
∣∣∣∣ ∣∣∣akσ ∣∣∣ δak|ak|

≥
∣∣∣∣ ∂σ∂ak

∣∣∣∣ ∣∣∣akσ ∣∣∣ δak|ak| ,
(39)

where the inequality holds for each ak individually by
positivity of each term in the sum. In particular, Eq. (39)
can be applied to neutrino-nucleus differential cross sec-
tions dσ

dTµd cos θµ
at the values of Tµ that maximize the

cross-section for a given cos θµ, denoted dσ
dTµd cos θµ

∣∣∣
peak

,

to give

δ

(
dσ

dTµd cos θµ

∣∣∣
peak

)
dσ

dTµd cos θµ

∣∣∣
peak

≥ Dk(θµ)
δak
|ak|

, (40)

where

Dk(θµ) =

∣∣∣∣∣∣∣∣
∂

(
dσ

dTµd cos θµ

∣∣∣
peak

)
∂ak

∣∣∣∣∣∣∣∣
|ak|

dσ
dTµd cos θµ

∣∣∣
peak

. (41)

A simple way to approximate the derivative appearing in
Dk(θ) is to compute the finite difference,

∂

(
dσ

dTµd cos θµ

∣∣∣
peak

)
∂ak

≈ 1

δak

[
dσ(ak + δak)

dTµd cos θµ

∣∣∣∣
peak

− dσ(ak)

dTµd cos θµ

∣∣∣∣
peak

]
,

(42)

where δak is a small parameter and dσ(ak+δak)
dTµd cos θµ

∣∣∣
peak

de-

notes the peak differential cross section calculated with
ak replaced by ak + δak and ai held fixed for i 6= k. The
accuracy of the finite-difference approximation can be
validated by performing calculations with different values
of δak and verifying the stability of the resulting deriva-
tive estimate.

Since neutrino mixing angle determinations at oscil-
lation experiments are sensitive to the relative heights
of the cross-section peaks at the near and far detectors,

the relative uncertainty in dσ
dTµd cos θµ

∣∣∣
peak

provides a rea-

sonable measure of the cross-section uncertainty enter-
ing neutrino oscillation analyses.2 The relative uncer-
tainty on ak required for axial form factor uncertainties
to not saturate a given cross-section uncertainty budget
according to this measure is then given by the desired
cross-section uncertainty times 1/Dk(θ).

2 Further information about the uncertainty needs of neutrino os-

B. Form Factor Results

Neutrino scattering experiments typically involve nu-
clear targets, and the challenges of determining nucleon
axial form factors from data arise both from scarcity
of precise experimental data and from the need to un-
derstand nuclear effects that are present in data. Rel-
atively theoretically clean determinations can be made
using neutrino-deuteron scattering data obtained from
bubble-chamber experiments at ANL, BNL, and FNAL
in the 70s and 80s [4–8], which were recently analyzed
in Ref. [65] using the z expansion to parameterize the
nucleon axial form factor. It was found that uncertain-
ties on the axial form factor shape were significantly un-
derestimated by previous analysis that assumed an over-
constraining dipole form factor shape, and in particular
the uncertainties on the axial radius are estimated to be
five times larger using fits to the z expansion than us-
ing dipole fits. The relation between the free nucleon
and deuteron cross sections need for this analysis is pa-
rameterized as a Q2-dependent but Eν-independent func-
tion taken from nuclear theory calculations [68, 110]. A
10% systematic uncertainty is included in the analysis of
Ref. [65] to account for nuclear model uncertainties and
other systematic corrections.

Alternative strategies for constraining nucleon axial
form factors without nuclear uncertainties are to per-
form neutrino scattering experiments with hydrogen tar-
gets, see Ref. [111] for a discussion of current proposals
and challenges, and to calculate nucleon axial form fac-
tors theoretically using LQCD, as reviewed in Refs. [53–
55]. There is a long history of LQCD studies of nu-
cleon form factors [112, 113] including recent and on-
going work by multiple groups [27–35]. Challenging
systematic uncertainties arising from Nπ excited-state
contamination have been identified in axial form fac-
tor calculations [28, 30, 34, 37–39], and recent calcula-
tions explicitly accounting for these effects have shown
consistency with identities following from axial ward
identities and the assumption of negligible excited-state
contamination [28, 30, 34]. Although further study of
these excited-state effects is needed [39], calculations
have now been performed using approximately physical
quark masses and continuum, infinite-volume extrapola-
tions [30, 34, 35]. In each of these LQCD calculations,
axial form factors are parameterized using the z expan-
sion and fit to nucleon axial-current matrix elements at
several discrete values of Q2, though different strategies
for parameterizing discretization effects and other sources
of systematic uncertainty are employed.3

cillation experiments could be obtained by applying Eq. (39) di-
rectly to the neutrino mass and mixing parameters derived from

an oscillation analysis with for example ∂δCP
∂ak

estimated in anal-

ogy to Eq. (42). This requires a detailed analysis including for
example neutrino energy reconstruction and detector efficiency
effects and is left to future work.

3 The uncertainties reported in Ref. [34] are inflated by a factor
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FIG. 2. The nucleon axial form factor FA(Q2) 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
difference between D2 Meyer et al. and LQCD Bali et al.
results divided by their uncertainties added in quadrature,
denoted δFA/σ; very similar results are obtained using the
other LQCD results.

The LQCD nucleon axial form factor results of
Refs. [30, 34, 35] are shown in Fig. 2 along with the form
factor results determined from experimental neutrino-
deuteron scattering data in Ref. [65]. Fits were performed
using results with Q2 ≤ 1 GeV2 in Refs. [30, 34, 65] and
with Q2 ≤ 0.7 GeV2 in Ref. [35] with the parameteri-
zation provided by the z expansion used to extrapolate
form factor results to larger Q2. Clear agreement be-
tween different LQCD calculations can be seen. However,
the LQCD axial form factor results are 2-3σ larger than
the results of Ref. [65] for Q2 & 0.3 GeV2. The effects 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

of 3 to account for systematic uncertainties arising from lattice
spacing and quark mass effects [111].

“LQCD Bali et al./Park et al.” or “LQCD” below and
used for comparison with the deuterium bubble-chamber
analysis of Ref. [54], denoted “D2 Meyer et al.” or “D2”
below. To close this section we show in Fig. 3 the frac-
tional contribution of the axial form factor to the one-
body piece of the MiniBooNE flux-averaged cross sec-
tion by considering only the pure axial and axial-vector
interference terms. We see that the pure axial and axial-
vector interference terms make up a significant portion
of the one-body cross section, stressing the need for an
accurate determination of the axial form factor.

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 differen-
tial CCQE measurement where the main CC1π+ back-
ground has been subtracted using a tuned model [13],
and the T2K data is a double differential CC0π measure-
ment [114]. Muon neutrino flux-averaged cross sections
were calculated from

dσ

dTµd cos θµ
=

∫
dEνφ(Eν)

dσ(Eν)

dTµd cos θµ
, (43)

where φ(Eν) are the normalized νµ fluxes from Mini-
BooNE and T2K. Details on the neutrino fluxes for
each experiment can be found in the references above.
dσ(Eν)

dTµd cos θµ
are the corresponding inclusive cross sections

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

Figs. 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.

Figure 4 shows relatively good agreement between SF
predictions and MiniBooNE cross-section results, with
SF underestimating data in the lowest bins of cos θµ by
up to 20% at the peak. The location of the peak is cor-
rectly predicted, and the agreement increases at forward
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FIG. 3. The fractional contribution of the axial form factor to the one-body cross section for MiniBooNE kinematics in selected
bins of cos θµ predicted using the SF formalism shown in Fig. 4. The central value and uncertainty of the axial form factor
correspond to the D2 Meyer et al. z expansion results [65]. Figures are cut off at Tµ = 1 GeV because the cross sections
become extremely small beyond this point and relative cross-section uncertainties become large.

angles. GFMC predictions for MiniBooNE see a simi-
lar deficit of events at low cos θµ. The enhanced dis-
agreement for GFMC at small cos θµ and large Tµ is ex-
pected as these bins occur at larger Q2 where relativistic
effects become important. Comparisons with T2K for
both SF and GFMC in Fig. 5 are in excellent agreement
with the data even for backwards angles. The GFMC
prediction here is expected to be more accurate as the
T2K νµ flux has a smaller tail at high neutrino energy.
It is interesting to note the shift in the location of the
two-body peak between GFMC and SF with both Mini-
BooNE and T2K fluxes, the GFMC two-body contribu-
tion peaking in roughly the same location as the one-
body, whereas the SF two-body peak is shifted to lower
Tµ. This is again because the GFMC two-body curve
is dominated by the one- and two-body current interfer-
ence which roughly peaks in the same location as the
pure one-body term. In the SF calculation, the one- and
two-body current interference term yielding two nucleon
emission has been studied in Refs. [83, 84] and found to
be negligible. Therefore, in this work only the pure two-
body contribution has been included which requires large
energy transfer and thus peaks at lower Tµ. Accounting
for one- and two-body current interference with a single
nucleon emitted in the final state involves some develop-
ments in the SF formalism and it will be the subject of
a future work.

Below in Table I we quantify the differences between
GFMC and SF predictions for both MiniBooNE and

T2K. The percent difference in the differential 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%
difference persists.

The two-body current contributions to flux-averaged
cross sections are among the most unconstrained due
to a lack of knowledge of the N → ∆ transition form
factors and other nucleon resonance properties and two-
nucleon correlations that enter the theoretical descrip-
tion of these contributions discussed in Sec. II. Empirical
MEC models [115] and phenomenological models such as
the Valencia model [116] are used to describe two-body
current effects in the neutrino event generators used for
oscillation analyses at NOvA, MINERvA, and T2K, and
neutrino experiments must resort to further tuning that
significantly changes the shape and normalization of this
2p2h component in order to achieve satisfactory agree-
ment between theory and data for flux-averaged cross sec-
tions [59, 117]. The degree to which any realistic model
can reproduce the effect of these experimental tunes re-
mains to be seen. To investigate the model dependence
of two-body current effects, we have chosen two parame-
ters from the SF two-body current calculation and varied
them to investigate their effect on flux-averaged cross sec-
tions. These two parameters are CA5 (Q2 = 0), which is
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MiniBooNE 0.2 < cos θµ < 0.3 0.5 < cos θµ < 0.6 0.8 < cos θµ < 0.9
GFMC/SF difference in dσpeak (%) 22.8 20.3 5.6

T2K 0.0 < cos θµ < 0.6 0.80 < cos θµ < 0.85 0.94 < cos θµ < 0.98
GFMC/SF difference in dσpeak (%) 13.4 7.3 10.0

TABLE I. Difference in value of dσ(Eν)
dTµd cos θµ

at the quasielastic peak computed using GFMC and SF methods for MiniBooNE

and T2K flux-averaged double-differential cross sections.

FIG. 4. Breakdown into one- and two-body current contributions of the νµ flux-averaged differential cross sections for Mini-
BooNE. The top panel shows Spectral Function predictions in three bins of cos θµ with the one-body contributions in orange,
two-body contributions in red, and the total in blue. The lower panel shows GFMC predictions with the same breakdown
between one- and two-body current contributions, although the two-body results include interference effects only in the GFMC
case. The D2 Meyer et al. z expansion results for FA are used in both cases [65].

the dominant coupling4 appearing in the N → ∆ vertex
according to phenomenological models [85, 88, 101, 119–
122] and pioneering LQCD calculations [118, 123], and
ΛR, which is a parameter that renormalizes the self en-
ergy of the ∆. These parameters have been chosen be-
cause they affect the ∆ piece of the two-body current,

4 Note that although C6(Q2) > C5(Q2) for Q2 . 1 GeV2 [118],
contributions to neutrino-nucleus cross sections from C6 are sup-
pressed by lepton masses and therefore sub-dominant. A relation
between C6 and C5 anaologous to Eq. (8) is also predicted by
leading order chiral perturbation theory. See Refs. [85, 119] for
more details.

which we have seen provides the largest contribution, as
well as because they are highly unconstrained.

Each parameter was varied by ±5, 10% and the effect
on the flux-averaged cross section at the peak of the two-
body contribution was computed. The effect can be seen
in Fig. 6 where we have plotted the percent change in
the MiniBooNE cross section versus the percent change
in each parameter for 0.5 < cos θµ < 0.6, Tµ = 325 MeV.
This was fit to a line so that as in Sec. III A the ex-
tracted slope is an estimate of the derivative of the cross
section with respect to each parameter. The derivative
with respect to CA5 (0) is estimated to be 0.31, mean-
ing that achieving a given cross-section uncertainty re-
quires CA5 (0) to be known with . 3 times that uncer-
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FIG. 5. Breakdown into one- and two-body current contributions of the νµ flux-averaged differential cross sections for T2K.
Details are as in Fig. 4.

FIG. 6. Percent change in the value of the MiniBooNE flux-averaged cross section for 0.5 < cos θµ < 0.6 vs. percent change in
two parameters describing ∆ resonance production and decay entering calculations of two-body current (MEC) effects: CA5 (Q2)
is the dominant N → ∆ transition form factor, and ΛR renormalizes the self energy of the ∆ as described in Sec. II B.

tainty. A similar though slightly smaller slope of 0.29 is
found for ΛR. Current extractions of C5(0) rely on single
pion production data from deuterium bubble chamber
experiments [10–12], and due to limited statistics model
assumptions on the relations between N → ∆ transition

form factors are typically included to reduce the number
of fit parameters. Depending on the model assumptions
used, the resulting uncertainty on C5(0) is estimated
to be 10-15% in the analysis of Ref. [122], with similar
though slightly less conservative uncertainties estimated
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MiniBooNE 0.2 < cos θµ < 0.3 0.5 < cos θµ < 0.6 0.8 < cos θµ < 0.9
SF Difference in dσpeak (%) 16.3 17.1 9.3

GFMC Difference in dσpeak (%) 18.6 17.1 12.2

T2K 0.0 < cos θµ < 0.6 0.80 < cos θµ < 0.85 0.94 < cos θµ < 0.98
SF difference in dσpeak (%) 15.3 8.2 3.3

GFMC difference in dσpeak (%) 15.8 8.0 4.6

TABLE II. Percent difference in dσ
dTµd cos θµ

at the quasielastic peak between predictions using LQCD Bali et al./Park et al.

z expansion versus D2 Meyer et al. z expansion nucleon axial form factor results.

FIG. 7. The νµ flux-averaged differential cross sections for MiniBooNE. The top panel shows Spectral Function predictions in
three bins of cos θµ with the D2 Meyer et al. z expansion FA in blue, as well as the LQCD Bali et al./Park et al. z expansion
FA in green. The dipole parameterization with MA = 1.0 GeV is shown without uncertainties as a black line. The lower
panel shows GFMC predictions using the same set of axial form factors, although in the GFMC case systematic uncertainties
including those arising from inversion of the Euclidean response functions are included in all results and the MA = 1.0 GeV
dipole form factor results are therefore shown as a black band.

in Refs. [85, 121]. Note that all of these analysis assume a
dipole parameterization of FA as well as modified dipole
parameterizations of CA5 , and therefore it is possible that
these uncertainties are still underestimated. Even less is
known about the uncertainty in determining ΛR [89]. A
15% variation in either CA5 (0) or ΛR changes the flux-
averaged cross section by roughly 5%, and it will there-
fore be important to obtain more information on these
parameters in order to achieve few-percent precision on
cross-section predictions.

Focusing now on FA, Figs. 7 and 8 compare flux-
averaged cross sections with different axial form factor
determinations: a dipole form factor with MA = 1.0
GeV, the D2 Meyer et al. z expansion, and the LQCD

Bali et al./Park et al. z expansion. One can see that
the LQCD z expansion increases the normalization of
the cross section across the whole phase space, with sig-
nificantly more enhancement in the bins of low cos θµ
corresponding to backward angles and higher Q2. This
is quantified in Table II, which shows the percentage dif-
ference in the peak values of dσ

dTµd cos θµ
for the LQCD

and D2 z expansion results. The LQCD prediction in-
creases the peak cross section between 10-20%, with the
discrepancy growing at backwards angles.

To investigate the sensitivity of the flux-averaged dif-
ferential cross section to variations in the axial form
factor, derivatives of the MiniBooNE cross section with
respect to the model-independent z expansion parame-
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FIG. 8. The νµ flux-averaged differential cross sections for T2K. Details are as in Fig. 7.

FIG. 9. Percent change in peak value of MiniBooNE flux-averaged cross section for 0.5 < cos θµ < 0.6 vs. percent change in
the z expansion parameters ak. Results are shown for predictions using SF (black) and GFMC (blue) methods, including the
slopes extracted from linear fits.

ters ak are computed as described in Sec. III A. Fig. 9
shows the percent differences in flux-averaged cross sec-
tions evaluated at the quasielastic peak that have been
computed using both GFMC and SF methods after in-
dependently varying each ak by ±5, 10%. The slopes of
the resulting linear fits provide model-independent deter-
minations of the sensitivity of the peak cross section to

variations in FA. It is clear that the impact of varying
each ak decreases as k increases, as expected since the
contribution of each ak is supprssed by the k-th power
of z(Q2) < 1. In particular, a 10% change in a0 results
in a 10% change to the peak cross section, while a 10%
change in a1 results in a 1% change in the peak cross
section, and 10% variation of ak with k ≥ 2 leads to
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FIG. 10. The ratio between relative uncertainties in MiniBooNE cross sections and nucleon axial form factor z expansion
coefficients, Dk(θµ), vs muon scattering angle θµ for z expansion coefficients ak with k ∈ {0, 1, 2}. Results for Dk(θµ) are
calculated using the GFMC method with Tµ set equal to the peak value of the flux-averaged differential cross section for each
θµ and correspond to the slopes shown for particular cos θµ bins in Fig. 9.

sub-percent changes in the peak cross section. It is note-
worthy that the uncertainty relations determined using
GFMC and SF methods are reasonably consistent, with
slightly larger slopes arising in GFMC calculations where
the axial form factor appears in one- and two-body in-
terference terms in addition to one-body contributions.
We have further studied the cos θµ dependence of these
uncertainty relations using the GFMC method as shown
in Fig. 10. It can be seen that the uncertainty relation
factor Dk(θµ) defined in Eq. (41), which is equivalent
to the slopes shown for particular cos θµ bins in Fig. 9,
decreases as cos θµ increases, except for cos θµ ≥ 0.75
for a1 and a2. These inflection points are merely due to
the absolute values appearing in the definition of Dk(θµ).
Achieving 1% precision in a0 and 10% precision in a1 is
seen to be sufficient to ensure that axial form factor un-
certainties lead to only 1% uncertainties in MiniBooNE
flux-averaged differential cross sections across the entire
phase space. The D2 Meyer et al. results lead to 6% pre-
cision on a1 but only 10% precision on a0,5 and therefore
higher-precision determinations of the axial form factor
are necessary for achieving few-percent cross-section un-
certainties. Current LQCD results quote higher preci-
sion on a0 [34, 35], though the LQCD studies use dif-
ferent values of t0 that prevent an immediate quantita-
tive comparison with these uncertainty targets. It would
simplify comparisons and uncertainty quantification for
future LQCD calculations to use the Meyer et al. value
of t0 = −0.28 GeV2, which is chosen to optimize the
rate of convergence of the z expansion over the interval
0 ≤ Q2 ≤ 1 GeV2 [65].

5 Note that a0 is highly correlated with the other ak in this deter-
mination because a0 is fixed by treating Eq. (36) as a constraint.

V. CONCLUSIONS

Precise theoretical calculations of neutrino scattering
cross sections on target nuclei supplemented by reliable
estimates of the associated uncertainties are essential for
the success of the accelerator neutrino experimental pro-
gram. A promising strategy for achieving this goal is
to combine state-of-the-art nuclear many-body methods
with LQCD calculations of few-nucleon observables, in-
cluding single-nucleon form factors. In addition, it is
critical to quantify the precision level required on such
input parameters to compute neutrino-nucleus cross sec-
tion with a given accuracy.

In this work, we analyze the impact of varying the nu-
cleon axial form factors on flux-averaged charged-current
neutrino-nucleus cross-sections as measured by the Mini-
BooNE and T2K experiments. Specifically, we consider
a dipole form factor with MA = 1.0 GeV, the D2 Meyer
et al. z expansion results fit to experimental deuterium
bubble-chamber neutrinos scattering data [65], and the
LQCD Bali et al./Park et al. z expansion results [30, 34],
which are consistent with other recent LQCD calcula-
tions [35]. The nuclear many-body problem is solved us-
ing the GFMC and SF approaches, which rely on similar
descriptions of the initial target state. For instance, the
one- and two-nucleon SF of 12C are obtained from state-
of-the-art VMC calculations that use as input the same
nuclear Hamiltonian as the GFMC.

For the first time, we validate the sum of one- and
two-body current contributions obtained within the
SF approach against flux-averaged electroweak cross
sections. Using the D2 Meyer et al. form factors, we
observe an overall good agreement with the MiniBooNE
and T2K data — there are tensions with the Mini-
BooNE data for small values of cos θµ. At small Tµ,
these discrepancies might be due to the model depen-
dent procedure adopted to subtract the pion-absorption
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contribution from the experimental data [13]. Including
the LQCD axial form factor in the SF calculations show
an improved agreement with MiniBooNE data for these
kinematics over the entire Tµ range. By contrast, the
full SF predictions (with one- and two-body currents)
using either choice of axial form factors appear to
provide a good description of the T2K data for all the
kinematics that we consider. Discrepancies between
GFMC results and MiniBooNE data are seen for small
values of cos θµ, independent of the form factor of choice.
They could be due to the nonrelativistic nature of the
GFMC calculation in conjunction with the significant
large-Eν tail of the MiniBooNE flux. The GFMC results
similarly show good agreement with T2K data using
both form factor parameterizations. It is noteworthy
that adopting the LQCD z expansion results leads to
a 10-20% enhancement of the GFMC and SF cross
section with respect to the D2 z expansion across the
whole phase space, with the largest effect seen in bins
of low cos θµ. We find that the SF and GFMC methods
predict similar uncertainty-quantification results on
the form factor dependence. The sensitivity analysis
that we carry out in this work enables to determine an
uncertainty targets for future LQCD axial form factor
studies.

We observe that the GFMC and SF cross sections in-
cluding one- and two-body contributions are consistent
for the different kinematics and data sets considered. The
differences in the strength and peak positions arise from
different factors such as the nonrelativistic nature of the
GFMC calculations and the static treatment of the ∆
propagator in the nonrelativistic reduction of the two-
body currents. The use of a factorization scheme that
neglects final state interactions between the emitted par-
ticles and the spectator nucleons and the lack of one- and
two-body current interference in the SF approach also
contribute to the observed discrepancies. The inclusion
of relativistic corrections in the kinematics of the GFMC
electroweak responses is currently ongoing and it will be
the subject of a future work; modeling one- and two-body
interference effects yielding one nucleon emission in the
final state requires some conceptual developments in the
SF approach that will be investigated in the future.

Reaction channels yielding the production of one or
more pions in the final state have not been considered
here. While including explicit pion degrees of freedom in
the GFMC involves nontrivial difficulties [124], both reso-
nant and non-resonant pion production mechanisms have
been included in the SF method and validated against

electron scattering data [24]. We plan to carry out an
analysis of the cross-section dependence on the input pa-
rameters needed to describe non-resonant N → Nπ tran-
sition amplitudes in a future work. Pioneering LQCD
calculations of N → Nπ transition amplitudes have be-
gun [39] and will eventually supply robust QCD predic-
tions to constrain these input parameters. It is also note-
worthy that there has been significant efforts to calculate
nucleon properties using quark models involving approx-
imate solutions to QCD Schwinger-Dyson and Fadeev
equations [125, 126] that can reproduce LQCD results
for nucleon axial and pseudoscalar form factors [56, 57]
and could provide valuable predictions of resonant and
non-resonant pion production amplitudes that are not
yet known precisely from LQCD.

In order to provide predictions for 16O and 40Ar needed
for next-generation accelerator neutrino experiments, we
will employ QMC methods that are capable to treat
larger nuclear systems, e.g., the auxiliary field Diffusion
Monte Carlo method [127] and assess the uncertainty of
our predictions. We plan to validate future predictions
for 40Ar against accurate data from the Short-Baseline
Neutrino Program as they become available and continue
studying the nuclear many-body and nucleon form fac-
tor precision required to achieve the design cross-section
uncertainty goals of DUNE.
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