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• Accelerator neutrino flux covers a broad 
range of energies and a variety of reaction 
mechanisms. Need for specialized event 
generators applicable in the 100 MeV to 
few GeV energy range
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• Factorization of the interaction vertex 
is the approximation used to include 
relativistic effect, have access to 
exclusive channels, and connect the 
theory model to the intra-nuclear 
cascade 

• Theoretical challenge: develop a 
unified nuclear framework to describe 
all different reaction mechanisms. 
Significant progress over the last few 
years.

• Implementation of state-of-the-art nuclear theoretical model in event generators is crucial 
to compare with neutrino data 


• Currently, event generators stitch together different (and ofter inconsistent) approaches (the 
so called ‘Frankenstein’ models)



Establishing benchmarks
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• Test the accuracy of the theoretical model and the event 
generator in the electron sector where the beam energy 
and scattering kinematics are known 2
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FIG. 1. Comparisons of the genie predictions for the double di↵erential cross section for electron scattering o↵ carbon with
the data reported by Barreau et al. [5].

are still relevant. In fact, we find very similar results with
a recent genie version1. This is demonstrated in Fig. 1,
where we repeat the comparisons [4], but with version
2.12, which, as of this writing, is still being used by most
neutrino experiments. The generator predictions are seen
to be very similar to those in Ref. [4], up to sampling
issues in the original paper. Thus, the problem remains
as timely as ever.

The test [4] was limited to an initial electron energy of
560 MeV and large scattering angles, from 36� to 145�.
One might wonder if the issues identified by it were spe-
cific to those kinematic conditions, optimized for search-
ing for multinucleon e↵ects. Do the discrepancies extend
to beam energies above 1 GeV, relevant for DUNE? And
if there are still discrepancies at DUNE energies, can one
identify the physical processes behind them?

The goal of the present paper is to carry out a sys-
tematic electron-scattering comparison of genie in the
kinematic regimes relevant to DUNE and NOvA. This
will allow us to go beyond identifying discrepancies with
individual datasets, and map out the patterns of discrep-
ancies across datasets. Such patterns can then be used
to guide generator improvements.

The broad coverage of the space of kinematic condi-
tions will allow us to address our second main aim: to
establish in which physical regimes the generator dis-
crepancies are most severe. Experiments such as NOvA
and MINERvA have been focusing much of their recent
cross section studies on multinucleon e↵ects, specifically
on the so-called meson-exchange currents (MEC). Given
the overall richness of physics, it is not a priori obvious
that all the other processes are successfully dealt with in
the generators. Indeed, as we will see, they are not.

Once the patterns of discrepancies are identified, our
next task will be to establish their physical origin. We

1 We thank Steven Dytman for detailed help on how to run genie
in the electron scattering mode.

will do this by examining the same kinematic regimes
in other—simpler—nuclei. This will make it possible to
decisively disentangle fundamental neutrino-nucleon in-
teraction e↵ects from those created by the presence of
the nuclear medium.
Our presentation is organized as follows. In Sec. II, we

define the range of energy- and momentum-transfer val-
ues relevant for DUNE and NOvA. In Sec. III, we show
how in this regime precise kinematics of electron-nucleon
scattering allows one to clearly separate specific physical
processes in the data. In Sec. IV, we briefly summarize
the models implemented in genie to treat these physical
processes. With the stage set, we confront genie predic-
tions with electron scattering data. In Sec. V, we con-
sider recent datasets collected for a few nuclear targets
at the same kinematics; we find that genie reproduces
certain features of the data quite well, while dramati-
cally mispredicting certain other features. In Sec. VI we
systematically investigate these discrepancies across the
DUNE and NOvA kinematic regime with world’s inclu-
sive carbon data. This is followed by the comparisons in
Sec. VII to the deuteron and hydrogen data, which allows
for the decisive diagnosis of the origin of the main dis-
crepancies. In Sec. VIII, we summarize and organize our
main findings and discuss the synergies between neutrino
and electron scattering experiments. Our final summary
and overall thoughts are presented in Sec. IX.
The details of the data used in this comparison are

supplied in Appendix A. In Appendix B, we provide an
example of empirical tuning that can be immediately im-
plemented based on the results of our electron scattering
comparison and discuss its advantages and limitations.
In Appendix C we acknowledge experiments that did not
report their measurements in form of cross sections, urg-
ing them to follow through with this important step of
data analysis.

• Establish a validation procedure able to disentangle and 
separately test the different physical processes

Ankowski, Friedland PRD 102 (2020)

8

yXy

yX8

RXy

RX8

kXy

kX8

� ��� ��� ��� ��� ���� ���� ���� ���� ���� ����

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXNIDPT ᅲᇋIR

2tT
:6J* R#

:6J* Rk#
SqA�

SqA�@_

yXy

yX8

RXy

RX8

kXy

kX8

� ��� ��� ��� ��� ���� ���� ���� ���� ����

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yX3IDPT ᅲᇋIyXN

yXy

yX8

RXy

RX8

kXy

kX8

� ��� ��� ��� ��� ���� ���� ���� ����

ᅼ�ԓԉ ᇋԓ
DPTᅲ ᇋ<�

�਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXdIDPT ᅲᇋIyX3

yXy
yXk
yX9
yXe
yX3
RXy
RXk
RX9

RXe
RX3
kXy

� ��� ��� ��� ��� ���� ���� ����

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXeIDPT ᅲᇋIyXd

yXy

yXk

yX9

yXe

yX3

RXy

RXk

RX9

RXe

RX3

� ��� ��� ��� ��� ��� ��� ��� ��� ��� ����

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yX8IDPT ᅲᇋIyXe

yXy

yXk

yX9

yXe

yX3

RXy

RXk

RX9

RXe

� ��� ��� ��� ��� ��� ��� ��� ��� ��� ����

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yX9IDPT ᅲᇋIyX8

yXy

yXk

yX9

yXe

yX3

RXy

RXk

RX9

� ��� ��� ��� ��� ��� ��� ��� ��� ���

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXjIDPT ᅲᇋIyX9

yXy

yXk

yX9

yXe

yX3

RXy

RXk

RX9

� ��� ��� ��� ��� ��� ��� ��� ��� ���

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXkIDPT ᅲᇋIyXj

yXy

yXk

yX9

yXe

yX3

RXy

RXk

� ��� ��� ��� ��� ��� ��� ��� ���

ԓᅼ�ԓԉ ᇋ
ԓDPTᅲ ᇋ

<��਷Κφ DN.
F7਷φ >

ԉᇋ(J2o)

yXRIDPT ᅲᇋIyXk

FIG. 4. MiniBooNE flux-folded double di↵erential cross sections per target neutron for ⌫µ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for di↵erent ranges of cos ✓µ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ⇤A =1.0 GeV.

E ⇡ 20 MeV). The remaining terms in the �-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA�1. From these R

PWIA
↵�

we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering x↵�(p,q,!) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (di↵erence between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ⌫ case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as ✓µ changes from 0� to about 90�, the ⌫ cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.
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FIG. 4. MiniBooNE flux-folded double di↵erential cross sections per target neutron for ⌫µ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for di↵erent ranges of cos ✓µ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ⇤A =1.0 GeV.

E ⇡ 20 MeV). The remaining terms in the �-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA�1. From these R

PWIA
↵�

we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering x↵�(p,q,!) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (di↵erence between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ⌫ case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as ✓µ changes from 0� to about 90�, the ⌫ cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.

• In the quasielastic region “virtually exact’ predictions  are 
obtained using ab-initio methods. Use them to quantify the 
uncertainties inherent to the factorization of the final state 
and have more controlled approximations of the many-body 
method

Ashkenazi for e4v Collaboration @Neutrino2020

Lovato et al, PRX 10 (2020) 3



Physics opportunities

 4

Gandolfi et al. Nuclei: QMC and �EFT Interactions

-140

-120

-100

-80

-60

-40

-20

0

 3H  3He

 4He  6He  6Li
 7Li

 8He
 8Li

 8Be

 9Li

 9Be

10He

10Be 10B 
11B 

12C 

16O 

E 
(M

eV
)

NV2+3-Ia
Exp     
GT+Eτ-1.0

Figure 2. Ground-state energies in A  16 nuclei. For each nucleus, experimental results [122] are
shown in green at the center. GFMC (AFDMC) results for the NV2+3-Ia [11] (GT+E⌧ -1.0 [89]) potential
are shown in red (blue) to the left (right) of the experimental values. For the NV2+3-Ia (GT+E⌧ -1.0)
potential, the colored bands include statistical (statistical plus systematic) uncertainties.

potential. This is because the full uncertainty evaluation includes both statistical and theoretical errors.
Both QMC methods imply statistical uncertainties of the order of few percent. For the �-less potential,
the theoretical errors coming from the truncation of the chiral expansion dominate compared to the sta-
tistical errors. Considering the next order in the chiral expansion should reduce theoretical uncertainties,
and work is currently being done in developing such potentials.

Figure 4 shows the charge radii of A  16 nuclei for the NV2+3-Ia and GT+E⌧ -1.0 potentials, with
respect to the available experimental data. The expectation value of the charge radius is derived from the
point-proton radius rpt using the relation
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• Estimate the uncertainty of the theoretical calculation. 

• Combination of truncation of chiral-EFT expansion and 
numerical uncertainty of the many-body method

• Interplay between Lattice-QCD and EFT: nucleon form factors, 
inelastic electroweak transition amplitudes involving π crucial in the 
description of RES regions and in the cascade. 

• Modular event generators—capitalize on the LHC experience— in which:

Decouple the leptonic tensor from nuclear physics:  allows to readily incorporate and 
test BSM scenarios

Seamlessly use electron scattering data to perform common validation benchmarks 
and estimate the theoretical uncertainty

l
!

Gandolfi, Lonardoni et al, Front.Phys. 8 (2020) 117 
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Virtually exact results for inclusive nuclear electroweak responses 
in the quasi-elastic region up to moderate values of q. 

Initial and final state interactions fully accounted for.

Green’s Function Monte Carlo
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FIG. 4. MiniBooNE flux-folded double differential cross sections per target neutron for νµ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for different ranges of cos θµ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ΛA =1.0 GeV.

E ≈ 20 MeV). The remaining terms in the δ-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA−1. From these RPWIA

αβ we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering xαβ(p,q,ω) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (difference between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ν case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as θµ changes from 0◦ to about 90◦, the ν cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.
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FIG. 4. MiniBooNE flux-folded double differential cross sections per target neutron for νµ-CCQE scattering on 12C, displayed
as a function of the muon kinetic energy (Tµ) for different ranges of cos θµ. The experimental data and their shape uncertainties
are from Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross sections are obtained
with ΛA =1.0 GeV.

E ≈ 20 MeV). The remaining terms in the δ-function
are the final energies of the struck nucleon and recoiling
(A–1) system of mass mA−1. From these RPWIA

αβ we ob-
tain the corresponding flux-folded cross sections shown
in Figs. 4 and 5 by the short-dashed (black) line labeled
PWIA. Also shown in this figure by the dot-dashed (pur-
ple) line (labeled PWIA-R) are PWIA cross sections ob-
tained by first fixing the nucleon electroweak form factor
entering xαβ(p,q,ω) at Q2

qe, and then rescaling the vari-
ous response functions by ratios of these form factors, as
indicated in Sec. II B.

A couple of comments are in order. First, the cross
sections in PWIA are to be compared to those obtained
with the GFMC method by including only one-body cur-
rents (curves labeled GFMC 1b): they are found to be
systematically larger than the GFMC predictions, par-
ticularly at forward angles. Furthermore, it appears that
the (spurious) excess strength in the PWIA cross sections
(in the same forward-angle kinematics) matches the in-

crease produced by two-body currents in the GFMC cal-
culations (difference between the GFMC 1b and GFMC
12b curves). This should be viewed as accidental.

Second, the PWIA and PWIA-R cross sections are
very close to each other, except in the ν case at back-
ward angles. In this kinematical regime there are large
cancelations between the dominant terms proportional
to the transverse and interference response functions; in-
deed, as θµ changes from 0◦ to about 90◦, the ν cross
section drops by an order of magnitude. As already
noted, these cancellations are also observed in the com-
plete (GFMC 12b) calculation, and lead to the rather
broad uncertainty bands in Fig. 5. Aside from this qual-
ification, however, the closeness between the PWIA and
PWIA-R results provides corroboration for the validity
of the rescaling procedure of the electroweak form fac-
tors, needed to carry out the GFMC computation of the
Euclidean response functions.
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10

yXy

yX8

RXy

RX8

kXy

kX8

jXy

jX8

9Xy

9X8

� ��� ���� ���� ���� ���� ����

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yXN3IDPT ᅲᇋIR

2tT
:6J* R#

:6J* Rk#

yXy
RXy
kXy
jXy
9Xy
8Xy
eXy
dXy
3Xy
NXy

RyXy

� ��� ���� ���� ���� ���� ����

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yXN9IDPT ᅲᇋIyXN3

yXy
RXy
kXy
jXy
9Xy
8Xy
eXy
dXy
3Xy
NXy

RyXy

� ��� ���� ���� ����

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yXNyIDPT ᅲᇋIyXN9

yXy

kXy

9Xy

eXy

3Xy

RyXy

RkXy

� ��� ��� ��� ��� ���� ���� ����

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yX38IDPT ᅲᇋIyXNy

yXy

kXy

9Xy

eXy

3Xy

RyXy

RkXy

� ��� ��� ��� ��� ���� ���� ���� ����
ԓᅼ�ԓԟ ᇋ

ԓDPTᅲ ᇋ
<��਷ϯν DN.

F7਷φ >
ԟᇋ(J2o)

yX3yIDPT ᅲᇋIyX38

yXy

kXy

9Xy

eXy

3Xy

RyXy

RkXy

� ��� ��� ��� ��� ����

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yXdyIDPT ᅲᇋIyX3y

yXy

kXy

9Xy

eXy

3Xy

RyXy

RkXy

� ��� ��� ��� ��� ��� ��� ��� ��� ���

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yXeyIDPT ᅲᇋIyXdy

yXy

RXy

kXy

jXy

9Xy

8Xy

eXy

dXy

3Xy

NXy

� ��� ��� ��� ��� ��� ��� ��� ���

ԓᅼ�ԓԟ ᇋ
ԓDPTᅲ ᇋ

<��਷ϯν DN.
F7਷φ >

ԟᇋ(J2o)

yIDPT ᅲᇋIyXey

yXy

yX8

RXy

RX8

kXy

kX8

jXy

jX8

9Xy

� ��� ��� ��� ��� ��� ���
ԓᅼ�ԓԟ ᇋ

ԓDPTᅲ ᇋ
<��਷ϯν DN.

F7਷φ >
ԟᇋ(J2o)

@RXyIDPT ᅲᇋIy

FIG. 6. T2K flux-folded double differential cross sections per target neutron for νµ-CCQE scattering on 12C, displayed as a
function of the muon momentum pµ for different ranges of cos θµ. The experimental data and their shape uncertainties are
from Ref. [48]. Calculated cross sections are obtained with ΛA =1.0 GeV.

vector form factors in agreement with experimental data
which are of course quite accurate. These calculations
suggest a larger value of ΛA 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 θµ), obtained by replacing in the
dipole parametrization the cutoff ΛA ≈ 1 GeV with the
value Λ̃A ≈ 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 νµ, the magnitude of
the increase turns out to be more pronounced for νµ than
for νµ—as a matter of fact, the νµ cross sections are re-
duced at backward angles (0.1 ≤ cos θµ ≤ 0.2). Overall,
it appears that the harder cutoff implied by the LQCD
calculation of GA(Q2) improves the accord of theory with
experiment, marginally for νµ and more substantially for
νµ. 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 effectively with some of these
challenges, including factorization approaches based on
one- and two-nucleon spectral functions [28, 72] or on

T2K

✐A.Lovato, NR, et al, arXiv:2003.07710, PRX in press

MEC 
enhancement

• Within the GFMC it is difficult to include fully-relativistic kinematics and currents.  9

Computational cost grows exponentially with the number of 
particles: currently limited to 12C

• Two-body currents are needed in the quasi-elastic to reproduce ν data

https://arxiv.org/pdf/2003.07710.pdf


Factorization Scheme and Spectral Function
 For sufficiently large values of |q|, the factorization scheme can be applied

 The intrinsic properties of the nucleus are described by the 
Spectral Function➝ effective field theory and nuclear many-
body methods

d�A =

Z
dEd3k d�NP (k, E)

|fi ! |pp0ia ⌦ |fA�2i |fi ! |p⇡pi ⌦ |fA�1i

✐ O. Benhar, A. Fabrocini, and S. Fantoni, Nucl. Phys. A505, 267 (1989).  

QE MEC RES

|fi ! |pi ⌦ |fA�1i

 10



✐ NR, et al, Phys. Rev. C 100 (2019) no.4, 045503 
 

19

��������������������

� ���� ��� ���� ��� ���� ��� ���� ���ԓᅼ�ԓဇ ր
஬ԓӺ ր஬(M

#f
b`

J
2o

)

ᆂ (:2o)

φϵ*U2-2ஞV Ӻր4eky J2o- ᅲր4jeੋ
2tT

A� *"6
A� a*:6
6aA *"6

6aA a*:6

������������������

� ��� ��� ��� ��� ��� ���ԓᅼ�ԓဇ ր
஬ԓӺ ր஬(M

#f
b`

J
2o

)

ᆂ (:2o)

ΚЈ�`U2-2஥V Ӻր4kXk :2o- ᅲր4R8X8ੋ
2tT

A� a*:6
6aA a*:6

FIG. 8. Left panel: Inclusive 12C(e,e’) cross sections at 620 MeV and 36� scattering angle. The red and blue curves correspond
to the CBF and SCGF SF calculations, respectively. The dashed lines correspond to the IA calculation in which the outgoing
nucleon is free while in the solid ones FSI corrections have been taken into account. Right panel: inclusive Ar(e,e’) cross section
at 2.2 GeV and 15.5� scattering angle. The solid (dashed) line shows the quasielastic cross section without (with) the inclusion
of FSI obtained utilizing the SCGF spectral function calculations. Experimental data are taken from Ref. [94, 95] and show
both the quasielastic peak and the contribution from meson production at larger missing energies.
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FIG. 9. Left panel: Inclusive 12C(e,e’) cross sections at 730 MeV and 37� scattering angle. The short-dashed (blue) line
and dashed (red) line correspond to one- and two-body current contributions, respectively. The dash-dotted (magenta) lines
represent ⇡ production contributions. The solid (black) line is the total results obtained summing the three di↵erent terms.
Right panel: same as left panel but for CC ⌫µ scattering on 12C. The energy of the ⌫µ is 1 GeV and the scattering angle is 30�.

uncertainties that are intrinsic with the accuracy of state-of-the-art nuclear forces [40].
The left panel of Fig. 9 displays the double-di↵erential electron-12C cross sections for Ee = 730 MeV, ✓e = 37�. The

theoretical results have been obtained using the CBF spectral function and correcting for FSI e↵ects the quasielastic
part corresponding to the dashed blue line. The solid black line corresponds to the total cross section obtained
summing up the di↵erent contributions associated with the di↵erent reaction mechanisms. The dashed blue line
is the quasi-elastic peak obtained including the one-body current only, while the short-dashed red line corresponds
to two-nucleon knockout final states induced by MEC reaction mechanisms. The cross section associated with the
emission of a real pion and a nucleon is represented by the dot-dashed magenta line. Note that, as discussed in the
interference between one- and two-body currents is not included in these calculations. Although it was argued in
Ref. [18] that this leads to a small enhancement in the dip region within the factorization scheme, the GFMC and
STA calculations presented in Secs. III and IV display a significant increase in the transverse response due to the
interference contribution. There is an overall good agreement between theoretical results and experimental data in
all the kinematical setups we considered. In particular, the inclusion of realistic pion production mechanism turns
out to be essential to reproduce the data in the �-production region.

The results obtained for the double-di↵erential CC ⌫µ-12C scattering cross sections are shown in the right panel of
Fig. 9 for E⌫ = 1 GeV, ✓µ = 30�. The calculations have been carried out within the same framework employed in
the electromagnetic case and utilizing the CBF spectral function. The only additional ingredients are the axial terms
in the current operators and in the ⇡-production amplitudes. In order to compare with experimental data a folding
with the energy distribution of a given neutrino flux should be performed. Note that the inclusion of ⇡ production
mechanisms is crucial also for a comparison with CC-0⇡ data in which the ⇡ is produced and subsequently reabsorbed
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nucleon is free while in the solid ones FSI corrections have been taken into account. Right panel: inclusive Ar(e,e’) cross section
at 2.2 GeV and 15.5� scattering angle. The solid (dashed) line shows the quasielastic cross section without (with) the inclusion
of FSI obtained utilizing the SCGF spectral function calculations. Experimental data are taken from Ref. [94, 95] and show
both the quasielastic peak and the contribution from meson production at larger missing energies.
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uncertainties that are intrinsic with the accuracy of state-of-the-art nuclear forces [40].
The left panel of Fig. 9 displays the double-di↵erential electron-12C cross sections for Ee = 730 MeV, ✓e = 37�. The

theoretical results have been obtained using the CBF spectral function and correcting for FSI e↵ects the quasielastic
part corresponding to the dashed blue line. The solid black line corresponds to the total cross section obtained
summing up the di↵erent contributions associated with the di↵erent reaction mechanisms. The dashed blue line
is the quasi-elastic peak obtained including the one-body current only, while the short-dashed red line corresponds
to two-nucleon knockout final states induced by MEC reaction mechanisms. The cross section associated with the
emission of a real pion and a nucleon is represented by the dot-dashed magenta line. Note that, as discussed in the
interference between one- and two-body currents is not included in these calculations. Although it was argued in
Ref. [18] that this leads to a small enhancement in the dip region within the factorization scheme, the GFMC and
STA calculations presented in Secs. III and IV display a significant increase in the transverse response due to the
interference contribution. There is an overall good agreement between theoretical results and experimental data in
all the kinematical setups we considered. In particular, the inclusion of realistic pion production mechanism turns
out to be essential to reproduce the data in the �-production region.

The results obtained for the double-di↵erential CC ⌫µ-12C scattering cross sections are shown in the right panel of
Fig. 9 for E⌫ = 1 GeV, ✓µ = 30�. The calculations have been carried out within the same framework employed in
the electromagnetic case and utilizing the CBF spectral function. The only additional ingredients are the axial terms
in the current operators and in the ⇡-production amplitudes. In order to compare with experimental data a folding
with the energy distribution of a given neutrino flux should be performed. Note that the inclusion of ⇡ production
mechanisms is crucial also for a comparison with CC-0⇡ data in which the ⇡ is produced and subsequently reabsorbed
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FIG. 8. Left panel: Inclusive 12C(e,e’) cross sections at 620 MeV and 36� scattering angle. The red and blue curves correspond
to the CBF and SCGF SF calculations, respectively. The dashed lines correspond to the IA calculation in which the outgoing
nucleon is free while in the solid ones FSI corrections have been taken into account. Right panel: inclusive Ar(e,e’) cross section
at 2.2 GeV and 15.5� scattering angle. The solid (dashed) line shows the quasielastic cross section without (with) the inclusion
of FSI obtained utilizing the SCGF spectral function calculations. Experimental data are taken from Ref. [94, 95] and show
both the quasielastic peak and the contribution from meson production at larger missing energies.
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represent ⇡ production contributions. The solid (black) line is the total results obtained summing the three di↵erent terms.
Right panel: same as left panel but for CC ⌫µ scattering on 12C. The energy of the ⌫µ is 1 GeV and the scattering angle is 30�.

uncertainties that are intrinsic with the accuracy of state-of-the-art nuclear forces [40].
The left panel of Fig. 9 displays the double-di↵erential electron-12C cross sections for Ee = 730 MeV, ✓e = 37�. The

theoretical results have been obtained using the CBF spectral function and correcting for FSI e↵ects the quasielastic
part corresponding to the dashed blue line. The solid black line corresponds to the total cross section obtained
summing up the di↵erent contributions associated with the di↵erent reaction mechanisms. The dashed blue line
is the quasi-elastic peak obtained including the one-body current only, while the short-dashed red line corresponds
to two-nucleon knockout final states induced by MEC reaction mechanisms. The cross section associated with the
emission of a real pion and a nucleon is represented by the dot-dashed magenta line. Note that, as discussed in the
interference between one- and two-body currents is not included in these calculations. Although it was argued in
Ref. [18] that this leads to a small enhancement in the dip region within the factorization scheme, the GFMC and
STA calculations presented in Secs. III and IV display a significant increase in the transverse response due to the
interference contribution. There is an overall good agreement between theoretical results and experimental data in
all the kinematical setups we considered. In particular, the inclusion of realistic pion production mechanism turns
out to be essential to reproduce the data in the �-production region.

The results obtained for the double-di↵erential CC ⌫µ-12C scattering cross sections are shown in the right panel of
Fig. 9 for E⌫ = 1 GeV, ✓µ = 30�. The calculations have been carried out within the same framework employed in
the electromagnetic case and utilizing the CBF spectral function. The only additional ingredients are the axial terms
in the current operators and in the ⇡-production amplitudes. In order to compare with experimental data a folding
with the energy distribution of a given neutrino flux should be performed. Note that the inclusion of ⇡ production
mechanisms is crucial also for a comparison with CC-0⇡ data in which the ⇡ is produced and subsequently reabsorbed
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to the CBF and SCGF SF calculations, respectively. The dashed lines correspond to the IA calculation in which the outgoing
nucleon is free while in the solid ones FSI corrections have been taken into account. Right panel: inclusive Ar(e,e’) cross section
at 2.2 GeV and 15.5� scattering angle. The solid (dashed) line shows the quasielastic cross section without (with) the inclusion
of FSI obtained utilizing the SCGF spectral function calculations. Experimental data are taken from Ref. [94, 95] and show
both the quasielastic peak and the contribution from meson production at larger missing energies.
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FIG. 9. Left panel: Inclusive 12C(e,e’) cross sections at 730 MeV and 37� scattering angle. The short-dashed (blue) line
and dashed (red) line correspond to one- and two-body current contributions, respectively. The dash-dotted (magenta) lines
represent ⇡ production contributions. The solid (black) line is the total results obtained summing the three di↵erent terms.
Right panel: same as left panel but for CC ⌫µ scattering on 12C. The energy of the ⌫µ is 1 GeV and the scattering angle is 30�.

uncertainties that are intrinsic with the accuracy of state-of-the-art nuclear forces [40].
The left panel of Fig. 9 displays the double-di↵erential electron-12C cross sections for Ee = 730 MeV, ✓e = 37�. The

theoretical results have been obtained using the CBF spectral function and correcting for FSI e↵ects the quasielastic
part corresponding to the dashed blue line. The solid black line corresponds to the total cross section obtained
summing up the di↵erent contributions associated with the di↵erent reaction mechanisms. The dashed blue line
is the quasi-elastic peak obtained including the one-body current only, while the short-dashed red line corresponds
to two-nucleon knockout final states induced by MEC reaction mechanisms. The cross section associated with the
emission of a real pion and a nucleon is represented by the dot-dashed magenta line. Note that, as discussed in the
interference between one- and two-body currents is not included in these calculations. Although it was argued in
Ref. [18] that this leads to a small enhancement in the dip region within the factorization scheme, the GFMC and
STA calculations presented in Secs. III and IV display a significant increase in the transverse response due to the
interference contribution. There is an overall good agreement between theoretical results and experimental data in
all the kinematical setups we considered. In particular, the inclusion of realistic pion production mechanism turns
out to be essential to reproduce the data in the �-production region.

The results obtained for the double-di↵erential CC ⌫µ-12C scattering cross sections are shown in the right panel of
Fig. 9 for E⌫ = 1 GeV, ✓µ = 30�. The calculations have been carried out within the same framework employed in
the electromagnetic case and utilizing the CBF spectral function. The only additional ingredients are the axial terms
in the current operators and in the ⇡-production amplitudes. In order to compare with experimental data a folding
with the energy distribution of a given neutrino flux should be performed. Note that the inclusion of ⇡ production
mechanisms is crucial also for a comparison with CC-0⇡ data in which the ⇡ is produced and subsequently reabsorbed

•  Spectral function formalism including the one- and two-body current contributions and the pion 
production amplitudes (ANL-Osaka model) for electron and neutrino 12C-scattering
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MINERvA Preliminary comparison with CC0π data on 12C from 
MINERvA using µ kinematics. Only the one body 
current operator has been included. Next steps: 
inclusion of MEC and π production and absorption

Factorization Scheme and Spectral Function
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Future experiments and theory efforts

preliminary
• Comparisons among QMC, SF, and STA 

approaches to precisely quantify the 
uncertainties inherent to the factorization of 
the final state. Determine the importance of 
relativistic effects in the whole energy region 
relevant for oscillation experiments. 

• Use the STA and the SF methods to attain 
information on the hadronic final states and on the 
response densities to tackle exclusive 
processes and achieve a consistent treatment of 
the different reaction mechanisms including 
resonance and pion-production 

• Implement these microscopic approaches in commonly used event generators. Perform 
extensive validation with electron scattering data, and use the attained information to 
accurately study neutrino-scattering and precisely compare with experiments. 


