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Addressing Neutrino-Oscillation Physics
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Detectors measure the neutrino interaction rate:
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A  quantitative knowledge of σ(E) and fσ(E) is crucial to precisely extract ν oscillation parameters
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To study neutrinos we need nuclei

# Targets

Utilize heavy target in neutrino detectors to maximize interactions→ understand nuclear structure
Carbon

MicroBooNEMiniBooNE

NOvA

MINERvA

T. KITAGAKI et al. 28

2.0

E
1.2-

"P~

CL+ 0.8-

ANL (Ref. 2)
BVL (Rei. a)
This exp.

milab 15-ft deuterium-filled bubble chamber to a wide-
band neutrino beam. A total of 362 quasielastic events
were found in the 16.7-m fiducial volume, from the
analysis of 96% of the total exposure. In the dipole
parametrization of the axial-vector form factor of the nu-
cleon, we measured the axial-vector mass to be
Mz ——1.05+o &6 GeV, which is consistent with the previous
low-energy measurements. A search for an energy depen-
dence of M~ showed no clear energy dependence„support-
ing the assumptions and the V—2 formulation used for
the quasielastic reaction in our energy range (5—200 GeV).
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FIG. 10. Quasielastic cross section o(v„n~p pl as a func-
tion of E„. The data points from this experiment and Ref. 4 are
calculated from Eq. (7) using the M~ values in Table I. The
curve is derived from Eq. (7) with M& ——1.05 GeV.
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Neutrino scattering extensively 
studied 1970-90’s using deuterium-
filled bubble chambers

Nhits = � ⇥ �⇥N
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Long baseline (295 km) neutrino oscillation experiment with off-axis technique:

Far Detector:

Near Detectors:
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Bubble Chamber experiment 
at Fermilab



Lepton-nucleus cross section

Quasielastic scattering 
on a nucleus:

Pion production: RES

DIS

d�
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Different reaction mechanisms contributing to lepton-nucleus cross section

 —fixed value of the beam energy (monochromatic)

In neutrino experiments these contributions are not nicely separated  5



Energy distribution of neutrino fluxes
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Figure 3. Muon neutrino and muon anti-neutrino flux predictions from current and future
accelerator based neutrino experiments. Here, the top two plots are neutrino mode beam
muon neutrino flux predictions, where the bottom two plots are anti-neutrino mode beam
muon anti-neutrino flux predictions. Predictions are all arbitrary normalized. Left plots
are current experiments (T2K, MiniBooNE, MINERvA with low energy NuMI), and right
plots are current to future experiments (Hyper-Kamiokande, MicroBooNE, NOvA, DUNE,
MINERvA with medium energy NuMI).

• MINERvA, MINOS, and NOvA use NuMI neutrino beamline. The two important flux
configurations are low energy (LE) mode and medium energy (ME) mode. Also, detector
configurations can be on-axis or off-axis. Here, MINOS and MINERvA are both LE
and ME on-axis experiments, and NOvA is a ME off-axis experiment, and their flux
predictions are quite different. Note MINERvA does not provide neutrino flux below
1.5 GeV where flux systematic errors have not been evaluated yet.

• DUNE will use a dedicated beamline, which will have a wide-band beam to measure
neutrino oscillations not only the first maximum, but also the second oscillation
maximum [165].

• Hyper-Kamiokande uses higher power J-PARC off-axis neutrino beam [14], and here we
simply assumed the same shape with current T2K J-PARC off-axis neutrino beam.

The on-axis beam experiments, such as MiniBooNE, MINERvA, and DUNE have a
wider beam spectrum, and off-axis beam experiments, such as T2K and NOvA have narrower
spectrums. Although spectra are narrower for off-axis beams, they have long tails going to
higher energy. This is a standard feature for off-axis beams. Therefore understanding of
neutrino interactions are important in all 1-10 GeV spectrum for both on-axis and off-axis
beam experiments.

Figure 4 shows more detailed neutrino flux predictions. Here, we use T2K neutrino

✐ T. Katori and M. Martini, J.Phys. G45 (2018) 013001 

Present to Future: T2K, MicroBooNE, Nova,  MINERvA,

Hyper-Kamiokande, DUNE

Neutrino fluxes for different experiments
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MiniBooNE 8

FIG. 4: (color online) Schematic illustration of a CCQE inter-
action in the MiniBooNE detector. The primary Cherenkov
light from the muon (Cherenkov 1, first subevent) and sub-
sequent Cherenkov light from the decay-electron (Cherenkov
2, second subevent) are used to tag the CCQE event. No
requirements are made on the outgoing proton.

IV. CCQE MEASUREMENT

The goal of this measurement is to determine the dou-
ble differential cross section for the CCQE process on
carbon, νµ + n → µ− + p, where the target neutron is
bound in 12C.

The identification of CCQE interactions in the Mini-
BooNE detector relies solely on the detection of the
Cherenkov light from the primary (prompt) muon and
the associated decay-electron. An illustration of this
process is shown in Figure 4. Scintillation light is pro-
duced by the charged lepton and the recoil proton (or
nuclear fragments). However, with the reconstruction
employed here, this light is not separable from the dom-
inant Cherenkov light. In addition, the proton is typi-
cally below Cherenkov threshold. These conditions are
such that the proton is not separable from the charged
lepton and so no requirement is placed on the recoil pro-
ton in this analysis. This is to be contrasted with some
measurements of CCQE interactions that do require the
observation of a recoil proton for some part of the event
sample [10, 12–14]. An advantage of this insensitivity
to the proton recoil is that the extracted cross sections
are less dependent on proton final-state model uncertain-
ties. However, the disadvantage in not detecting the re-
coil nucleon is that contributions to scattering from other
nuclear configurations (such as two-nucleon correlations)
are inseparable. These contributions are, in the strictest
sense, not CCQE, but counted as such in our experimen-
tal definition.

A requirement of low veto activity for the CCQE sam-
ple ensures that all particles produced in the event stop
in the main region of the detector. This allows muons
to be tagged with high efficiency via their characteristic
electron-decay with τ ≈ 2 µs.

The CCQE interaction, including the muon decay, pro-

ceeds as,

1 : νµ + n → µ− + p

2 : ↪→ e− + ν̄e + νµ.

where each line in this equation identifies a subevent
(Section II B). The primary muon is identified with the
first subevent and the subsequent decay-electron with the
second subevent. At BNB neutrino energies, neutrino
interaction events that contain a primary muon predom-
inantly result from CCQE scattering as can be seen in
Table I.
The largest background is from CC single-pion pro-

duction (CC1π+). A CC1π+ interaction in the detector
consists of (with subevents labeled),

1 : νµ + p(n) → µ− + p(n) + π+

↪→ µ+ + νµ
2 : ↪→ e− + ν̄e + νµ
3 : ↪→ e+ + νe + ν̄µ.

Note that this interaction results in three subevents: the
primary interaction and two muon decays (the muon de-
cays can occur in any order). The π+ decays immediately
and light from the prompt decay products contribute to
the total light in the primary event. These events may
be removed from the CCQE sample by requiring exactly
two subevents. This requirement also reduces the back-
ground from NC processes to an almost negligible level
because they do not contain muons and thus have only
one subevent. This simple strategy results in a fairly pure
sample of CCQE events. However, a significant number
of CC1π+ events have only two subevents because one of
the decay electrons escapes detection: the µ− is captured
on 12C in the mineral oil (with 8% probability [47]) or
the π+ is absorbed. Additionally, the study of CC1π+

events for this analysis has indicated that the prediction
for the CC1π+ channel from the nuance event genera-
tor is not sufficiently accurate for this measurement [38].
For these reasons, the CC1π+ rate is measured using
a dedicated event sample. This differs from our previ-
ous strategy [11] where the default nuance-predicted
CC1π+ fraction (with no adjustments) was used, with
generous errors, in fits to the CCQE sample.
The resulting procedure for selecting the CCQE sam-

ple and measuring the CC1π+ background involves the
following steps:

1. selection of a “super-sample” of events with a clean
muon signature to isolate CC events (predomi-
nantly CCQE and CC1π+) via analysis cuts;

2. application of a subevent cut to separate the super-
sample into CCQE (2-subevents) and CC1π+ (3-
subevents) samples;

3. measurement of the CC1π+ rate from the CC1π+

sample;

	 In MiniBooNE data analysis, an event is labeled as 
CCQE if no final state pions are detected in addition to 
the outgoing muon. 

Intrinsic background: pion absorption in 
nuclei. It has to be simulated and subtracted. 

1. ν-interaction
2. CCQE 
3. Nu-Xsec
4. Leptons
5. Hadrons
6. Conclusion
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3. Flux-integrated differential cross-section

36Teppei Katori, Queen Mary University of London

JK<
JLMN@BO P

=
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Φ U L U ?P U (ΔLM,ΔN@BO)P

dj = MiniBooNE data
bj = Background
bj’ = Intrinsic background

Measured muon kinetic energy (GeV)

JS = data vector of measured variables 
AS = background vector
RPS = unsmearing transformation to true variables
?P = efficiency correction
Φ = integrated neutrino flux
L = total target number
(ΔLM , ΔN@BO)P = bin width

dj - bj =CCQE-like
dj – (bj - bj’) = CC0π

Grange and TK, MPLA29(2014)1430011 

MiniBooNE CCQE candidate muon kinetic energy distribution

Data vector is a function of measured 
variables, and background vector depends 
on how to define “signal”

can be added to form the total error matrix. For the neutrino
flux and background cross section uncertainties, a re-
weighting method is employed which removes the diffi-
culty of requiring hundreds of simulations with adequate
statistics. In this method, each neutrino interaction event is
given a new weight calculated with a particular parameter
excursion. This is performed considering correlations be-
tween parameters and allows each generated event to be
reused many times saving significant CPU time. The nature
of the detector uncertainties does not allow for this method
of error evaluation as parameter uncertainties can only be
applied as each particle or optical photon propagates
through the detector. Approximately 100 different simu-
lated data sets are generated with the detector parameters
varied according to the estimated 1! errors including
correlations. Equation (4) is then used to calculate the
detector error matrix. The error on the unfolding procedure
is calculated from the difference in final results when using
different input model assumptions (Sec. IVD). The statis-
tical error on data is not added explicitly but is included via
the statistical fluctuations of the simulated data sets (which
have the same number of events as the data).

The final uncertainties are reported in the following
sections. The breakdown among the various contributions
are summarized and discussed in Sec. VD. For simplicity,
the full error matrices are not reported for all distributions.
Instead, the errors are separated into a total normalization
error, which is an error on the overall scale of the cross
section, and a ‘‘shape error’’ which contains the uncer-
tainty that does not factor out into a scale error. This allows
for a distribution of data to be used (e.g. in a model fit) with
an overall scale error for uncertainties that are completely
correlated between bins, together with the remaining bin-
dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential
cross section

The flux-integrated, double differential cross section per
neutron, d2!

dT"d cos#"
, for the $" CCQE process is extracted as

described in Sec. IVD and is shown in Fig. 13 for the
kinematic range, !1< cos#" <þ1, 0:2< T"ðGeVÞ<
2:0. The errors, for T" outside of this range, are too large
to allow a measurement. Also, bins with low event popu-
lation near or outside of the kinematic edge of the distri-
bution (corresponding to large E$) do not allow for a
measurement and are shown as zero in the plot. The
numerical values for this double differential cross section
are provided in Table VI in the appendix.

The flux-integrated CCQE total cross section, obtained
by integrating the double differential cross section (over
!1< cos#" <þ1, 0< T"ðGeVÞ<1), is measured to be
9:429% 10!39 cm2. The total normalization error on this
measurement is 10.7%.

The kinematic quantities, T" and cos#" , have been
corrected for detector resolution effects only (Sec. IVD).
Thus, this result is the most model-independent measure-
ment of this process possible with the MiniBooNE detec-
tor. No requirements on the nucleonic final state are used to
define this process. The neutrino flux is an absolute pre-
diction [19] and has not been adjusted based on measured
processes in the MiniBooNE detector.
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FIG. 13 (color online). Flux-integrated double differential
cross section per target neutron for the $" CCQE process. The

dark bars indicate the measured values and the surrounding
lighter bands show the shape error. The overall normalization
(scale) error is 10.7%. Numerical values are provided in Table VI
in the Appendix.
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FIG. 14 (color online). Flux-integrated single differential cross
section per target neutron for the $" CCQE process. The

measured values are shown as points with the shape error as
shaded bars. Calculations from the NUANCE RFG model with
different assumptions for the model parameters are shown as
histograms. Numerical values are provided in Table IX in the
appendix.
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092005-15

First measurement of the double differential cross section 
for CCQE scattering on 12C

To explain the data careful evaluation of nuclear effects 
was required: multi-nucleon emission first identified 
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T2K

The T2K experiment data-taking started in January 
2010 and continues in 2020 and beyond.

The dominant process at the peak energy of 

~0.6 GeV is CCQE scattering. 

5

FIG. 1. Schematic showing an exploded view of the ND280
o↵-axis detector. Each sub-detector is labelled using the
acronyms given in the text. FGD1 is placed upstream of
FGD2. The neutrino beam enters from the left of the fig-
ure.

T2K Run Dates Data POT MC POT

(1019) (1019)

Run 2 Nov. 2010 - Mar. 2011 7.83 144.12

Run 3 Mar. 2012 - Jun. 2012 15.63 303.21

Run 4 Oct. 2012 - May 2013 33.88 515.32

Total 57.34 962.65

TABLE I. Data and MC samples used in the analysis.

tions of produced pions and kaons are tuned based on
the NA61/SHINE hadron production data [38–40] and
on data from other experiments [41–43], allowing the re-
duction of the overall flux normalisation uncertainty to
8.5%. The corresponding POT for simulated data is also
reported in Tab. I.

Neutrino interaction cross sections with nuclei in the
detector and the kinematics of the outgoing particles
are simulated by the neutrino event generator NEUT
5.3.2 [44, 45]. The final state particles are then prop-
agated through the detector material using Geant4 [46]
before the readout is simulated with a custom electronics
simulation.

NEUT version 5.3.2 describes CCQE neutrino-nucleon
interactions according to the spectral function (SF)
approach from Ref. [47] where the axial mass used for
quasi-elastic processes (MQE

A
) is set to 1.21GeV, based

on the Super-Kamiokande measurement of atmospheric
neutrinos and the K2K measurement on the accelerator
neutrino beam [48]. The resonant pion production
process is described by the Rein-Sehgal model [49] with
the axial mass MRES

A
set to 1.21GeV. The modelling

of 2p2h interactions is based on the model from Nieves
et al. [50]. The deep inelastic scattering (DIS), relevant

FIG. 2. Schematic view of the FGD1 (top) and FGD2 (bot-
tom) structure. Green vertical and horizontal bars represent
the X and Y layers respectively, while blue modules represent
the water modules. The red shaded areas indicate the Fidu-
cial Volume for each sub-detector. The neutrino beam enters
from the left of the figure.

at neutrino energies above 1 GeV, is modeled using the
parton distribution function GRV98 [51] with correc-
tions by Bodek and Yang [52]. The FSI, describing the
transport of the hadrons produced in the elementary
neutrino interaction through the nucleus, are simulated
using a semi-classical intranuclear cascade model [44, 45].

ND280: the off-axis 
detector provide precise 
measure of neutrino cross 
section

First CCπ+ results on water

✐ Phys. Rev. D 95, 012010 (2017)

The total flux integrated cross section is computed as

hσiΦ ¼ Ntotal

T · Φ
: ð6Þ

The total flux integrated νμ CC single positive pion
production cross section on water in the restricted phase
space is measured to be hσiϕ ¼ 4.25 $ 0.48ðstatÞ$
1.56ðsystÞ × 10−40 cm2=nucleon. This result is compatible
with the NEUT prediction of 5.03 × 10−40 cm2=nucleon,
and about 2σ away from the GENIE prediction
7.68 × 10−40 cm2=nucleon. The dominant systematic
uncertainties on this result are those related to the cross
section model (23.9%) and flux parameters (25.5%),

because of the low purity of the selected signal sample.
Without the selected control samples both these uncertain-
ties would be as high as 40%. Nonetheless the low statistics
and purity of the selected control samples makes it
difficult to further reduce these uncertainties. Final state
interactions and detector systematic uncertainties contrib-
ute with 5.3% and 10.8%, respectively. The data and MC
statistical errors are estimated as 10.7% and 3.3%, respec-
tively. Figure 5 shows the total νμ CC1πþ cross section on
water in the reduced phase space of pπþ > 200 MeV=c,
pμ > 200 MeV=c, cosðθπþ Þ > 0.3 and cosðθμÞ > 0.3, with
the T2K νμ flux and the NEUT and GENIE predictions.
Future analyses will consider the use of the FGD2 and

FGD1 samples simultaneously, eliminating the necessity to
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FIG. 4. Unfolded νμ CC1πþ differential cross sections as a function of pion kinematics (top), muon kinematics (center), cosðθðμ;πþ ÞÞ
(bottom left) and Erec

ν (bottom right) in the reduced phase space of pπþ > 200 MeV=c, pμ > 200 MeV=c, cosðθπþ Þ > 0.3 and
cosðθμÞ > 0.3. For the Erec

ν , the σðEÞ is presented as a model dependent result. The inner (outer) error bars show the statistical (total)
uncertainty on the data. The dashed (solid) line shows the NEUT, version 5.1.4.2, (GENIE, version 2.6.4) prediction.
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FIG. 17. Regularised double di↵erential oxygen cross sections per nucleon. Data results (points with error bars) are compared
with NEUT 5.4.0 SF (brown), GENIE v3 LFG (green), NuWro LFG (magenta) and RMF(1p1h)+SuSAv2(2p2h) (light blue)
predictions. The values in bracket represent the �2 as obtained from Eq. 9. For readability purposes, the last momentum bins
are cut at 5GeV/c.
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FIG. 18. Regularised double di↵erential carbon cross sections per nucleon. Data results (points with error bars) are compared
with NEUT 5.4.0 SF (brown), GENIE v3 LFG (green), NuWro LFG (magenta) and RMF(1p1h)+SuSAv2(2p2h) (light blue)
predictions. The values in bracket represent the �2 as obtained from Eq. 9. For readability purposes, the last momentum bins
are cut at 5GeV/c.
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FIG. 18. Regularised double di↵erential carbon cross sections per nucleon. Data results (points with error bars) are compared
with NEUT 5.4.0 SF (brown), GENIE v3 LFG (green), NuWro LFG (magenta) and RMF(1p1h)+SuSAv2(2p2h) (light blue)
predictions. The values in bracket represent the �2 as obtained from Eq. 9. For readability purposes, the last momentum bins
are cut at 5GeV/c.
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MINERvA
MINERvA is the first neutrino experiment in the world to use a high-intensity beam to study neutrino 
reactions with a variety of nuclei: He,C,O,Pb and Fe. Strongly constraints neutrino interactions

19
Diagram by M. Betancourt

Energy

Fine-grained scintillator tracker allows to identify and 
precisely measure outgoing protons and µ. Probe nuclear 
effects using the transverse imbalance of p and µ

 9

✐ Lu, X.G. et al, Phys Rev Lett.121 (2018) no 2, 022504

pµ

pII pT
pv

Full double differential cross section projected using the kinematics of the µ:

The Q2
QE efficiency is shown in Fig. 22. The reduction at

Q2
QE greater than 0.1 GeV2 is due to the tracking thresholds

and particle identification (PID) performance. The small
increase of efficiency at 0.75 GeV2 is due to the removal of
the PID requirements; see Sec. VI A.

The Eν;QE efficiency is shown in Fig. 23. The lower
efficiency at lower Eν;QE is due to the MINOS match
requirement, but in general the sample is 50% efficient or
better. The point of inflection at 8 GeV occurs when the
populations of tracks move from the forward fine grained
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FIG. 27. Full double differential results projected as a function of pt and also a function of pjj. Unstacked curves show the various
components of the MINERvA GENIE tune v1. The dotted line denotes original strength and shape of the 2p2h contribution.
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The Q2
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QE greater than 0.1 GeV2 is due to the tracking thresholds

and particle identification (PID) performance. The small
increase of efficiency at 0.75 GeV2 is due to the removal of
the PID requirements; see Sec. VI A.
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FIG. 27. Full double differential results projected as a function of pt and also a function of pjj. Unstacked curves show the various
components of the MINERvA GENIE tune v1. The dotted line denotes original strength and shape of the 2p2h contribution.
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The Q2
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QE greater than 0.1 GeV2 is due to the tracking thresholds

and particle identification (PID) performance. The small
increase of efficiency at 0.75 GeV2 is due to the removal of
the PID requirements; see Sec. VI A.

The Eν;QE efficiency is shown in Fig. 23. The lower
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FIG. 27. Full double differential results projected as a function of pt and also a function of pjj. Unstacked curves show the various
components of the MINERvA GENIE tune v1. The dotted line denotes original strength and shape of the 2p2h contribution.
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✐ T2K, Phys. Rev. D 98 (2018), 032003

✐ Phys. Rev. D 99 , 012004 (2019)



NOvA
The neutrino flux in the NOvA ND is a narrow band beam peaked at 1.9 GeV, between 1.1 and 2.8 GeV

Motivation
• Neutrino cross section is physics rich in its own right.

• Using nuclear target to increase event rate makes the 
physics more difficult
• Intranuclear rescattering

• Cross section modeling is one of the leading 
systematic uncertainties for NOvA’s measurements.
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TABLE I: List of systematic and statistical uncertainties.

Source Measurement Uncertainty (%)
Calorimetric energy scale 3.4
Background modeling 10.4
Coherent modeling 3.7
Photon shower response 1.1
External events 2.4
Detector simulation 2.0
Flux 9.4
Total systematic uncertainty 15.3
Statistical uncertainty 6.7
Total uncertainty 16.7
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FIG. 6: Flux-averaged cross section of the NOvA NC coherent π0 measurement. The left plot compares this measurement to
previous measurements. The neutrino energy values of the NOvA data point and other measurements are represented by an
average neutrino energy. All results are scaled to a carbon target by a factor of (A/12)2/3 following the Berger-Sehgal model
approximation, where A is the effective atomic number of the experiment. The dashed curve shows the GENIE prediction for
a carbon target. The right plot compares this measurement with the GENIE predicted flux-averaged cross section from the
Rein-Sehgal model. In this plot the neutrino energy of the NOvA data point is the median neutrino energy, and the horizontal
error bar contains 68% of the total neutrinos. The statistical uncertainty and statistical plus systematic uncertainty are shown
as vertical error bars for the NOvA result. The GENIE prediction is shown both as a function of neutrino energy, and as a
flux-averaged cross section. The NOvA flux is shown in grey with arbitrary normalization.

model: axial mass (MA, ±50%) and nuclear radius (R0,
±20%) [2–4]. To check the effect of the discrepancies in
π0 kinematic distributions on the total cross-section mea-
surement, a test is performed by reweighting the simu-
lated signal to data and comparing to the result obtained
before reweighting. A 1% difference is found, which is
negligible compared to the signal modeling uncertainty
assigned. Bremsstrahlung showers induced by energetic
muons from external sources provide a data-driven con-
straint on the simulation of detector response to photon
showers. Those bremsstrahlung showers are identified
and the muons are removed to create a single photon
control sample in data and simulation [46]. The sample
is subject to the same selection cuts as the π0 photons
and the uncertainty is evaluated as the 1% difference be-

tween data and simulation in selection efficiency. Lastly,
the neutrino flux uncertainty comes from beam focusing
and hadron production with external thin-target hadron
production data constraints applied [31]. The system-
atic sources and uncertainties are summarized in Table
I. The dominant sources are background modeling and
flux uncertainties. The total systematic uncertainty is
estimated to be about 15%.

The flux-averaged cross section of NC coherent π0 pro-
duction in this measurement is calculated using equation
(2). The measured cross section is σ = 14.0±0.9(stat.)±
2.1(syst.)×10−40 cm2/nucleus at the average neutrino en-
ergy of 2.7GeV. The effective atomic number A = 13.8

⌫ +A ! ⌫ +A+ ⇡0

!µ CC π0 Semi-Inclusive
Results

5/21/2019 Shih-Kai Lin 26

• Systematic uncertainties are similar to other analyses
• In both cases, data suggests harder shape than the generator.
• Other variable results are also available but not shown.

>7 = −Z7 = 2<= <$ − X$KLMN$ − )7̂

NC coherent π0 production on a carbon: νµ CC π0 seminclusive results: both RES and DIS

Cross section modeling is one of the leading systematic uncertainties for NOvA’s measurements. 

✐  arXiv:1902.00558  10
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MicroBooNE

 MicroBooNE precision measurements ν-Ar cross sections in the hundreds-of-MeV to few-GeV energy range

Multiple proton emission

PoS(LeptonPhoton2019)065

Recent Neutrino Cross Section Measurements from MicroBooNE Steven Gardiner

Figure 3: Event display showing an on-beam data event in MicroBooNE. The muon candidate (which
is the longest track shown) is accompanied by four proton candidates, each of which is labeled with its
reconstructed kinetic energy and momentum. Figure from ref. [20].

full assessment of systematic uncertainties (in contrast to the purely statistical uncertainties shown
here), will contribute to efforts to discriminate between the competing nuclear physics models that
shape the differing generator predictions.

Figure 4: LEFT: GENIE v2 prediction (using the default model set) for the distribution of the cosine of the
opening angle qp1p2 between the two final-state protons in true CC2p events in MicroBooNE. The stacked
histograms represent distinct reaction modes. CENTER: The CC2p opening angle distribution predicted
by GENIE v2 using an alternative model set. RIGHT: The CC2p opening angle distribution predicted by
NuWro. Figures from ref. [20].

6. Conclusion

Alongside its primary mission to investigate the low-energy excess seen by MiniBooNE, the
MicroBooNE experiment is providing some of the first detailed measurements of neutrino-argon
scattering. The early results communicated in these proceedings, as well as a broad program of
anticipated future measurements, will serve as a valuable resource for neutrino oscillation experi-
ments in the years to come.

5

First measurement of νµ CC double-differential inclusive cross 
sections on Ar at <Eν>=0.8 GeV


✐  

Additionally, we compute a flux-integrated cross section
σðνμ þ Ar → μ− þ XÞ per nucleon of

σ ¼ 0.693% 0.010ðstatÞ% 0.165ðsystÞ×10−38 cm2; ð5Þ

which is obtained by integrating the number of signal and
background events, as well as the efficiency over all bins.
The measured flux-integrated cross section agrees with the
predictions from the models described above within uncer-
tainty, with GENIE v2 giving the largest discrepancy.
In summary, we have reported the first double-differ-

ential νμ charged current inclusive cross section on argon.
The presented analysis has full angular coverage and uses
multiple Coulomb scattering to estimate the muon momen-
tum, a significant step forward for the LArTPC technology.
As shown in the comparison with various predictions,

these data provide a way to differentiate models in neutrino
event generators. These measurements not only inform the
theory of neutrino-nucleus scattering, but also reduce the
systematic uncertainties associated with cross section
measurements in neutrino oscillation experiments.
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FIG. 2. νμ CC inclusive double-differential cross section on argon per nucleon n as a function of the measured muon momentum and
cosine of the measured muon polar angle (angle with respect to the incoming neutrino direction), d2σ=ðdpreco

μ d cos θrecoμ Þ½10−38 cm2=
ðGeVnÞ'. The data (black) are compared to a GENIE v2 with empirical MEC prediction (green), a GENIE v3 prediction (blue), a GIBUU

prediction (orange), and a NUWRO prediction (red), as described in the text. The vertical bars show statistical and systematic
uncertainties.
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Additionally, we compute a flux-integrated cross section
σðνμ þ Ar → μ− þ XÞ per nucleon of

σ ¼ 0.693% 0.010ðstatÞ% 0.165ðsystÞ×10−38 cm2; ð5Þ

which is obtained by integrating the number of signal and
background events, as well as the efficiency over all bins.
The measured flux-integrated cross section agrees with the
predictions from the models described above within uncer-
tainty, with GENIE v2 giving the largest discrepancy.
In summary, we have reported the first double-differ-

ential νμ charged current inclusive cross section on argon.
The presented analysis has full angular coverage and uses
multiple Coulomb scattering to estimate the muon momen-
tum, a significant step forward for the LArTPC technology.
As shown in the comparison with various predictions,

these data provide a way to differentiate models in neutrino
event generators. These measurements not only inform the
theory of neutrino-nucleus scattering, but also reduce the
systematic uncertainties associated with cross section
measurements in neutrino oscillation experiments.
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FIG. 2. νμ CC inclusive double-differential cross section on argon per nucleon n as a function of the measured muon momentum and
cosine of the measured muon polar angle (angle with respect to the incoming neutrino direction), d2σ=ðdpreco

μ d cos θrecoμ Þ½10−38 cm2=
ðGeVnÞ'. The data (black) are compared to a GENIE v2 with empirical MEC prediction (green), a GENIE v3 prediction (blue), a GIBUU

prediction (orange), and a NUWRO prediction (red), as described in the text. The vertical bars show statistical and systematic
uncertainties.
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Additionally, we compute a flux-integrated cross section
σðνμ þ Ar → μ− þ XÞ per nucleon of

σ ¼ 0.693% 0.010ðstatÞ% 0.165ðsystÞ×10−38 cm2; ð5Þ

which is obtained by integrating the number of signal and
background events, as well as the efficiency over all bins.
The measured flux-integrated cross section agrees with the
predictions from the models described above within uncer-
tainty, with GENIE v2 giving the largest discrepancy.
In summary, we have reported the first double-differ-

ential νμ charged current inclusive cross section on argon.
The presented analysis has full angular coverage and uses
multiple Coulomb scattering to estimate the muon momen-
tum, a significant step forward for the LArTPC technology.
As shown in the comparison with various predictions,

these data provide a way to differentiate models in neutrino
event generators. These measurements not only inform the
theory of neutrino-nucleus scattering, but also reduce the
systematic uncertainties associated with cross section
measurements in neutrino oscillation experiments.
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FIG. 2. νμ CC inclusive double-differential cross section on argon per nucleon n as a function of the measured muon momentum and
cosine of the measured muon polar angle (angle with respect to the incoming neutrino direction), d2σ=ðdpreco

μ d cos θrecoμ Þ½10−38 cm2=
ðGeVnÞ'. The data (black) are compared to a GENIE v2 with empirical MEC prediction (green), a GENIE v3 prediction (blue), a GIBUU

prediction (orange), and a NUWRO prediction (red), as described in the text. The vertical bars show statistical and systematic
uncertainties.
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Provides a test for the 
details of neutrino cross 
section models 


Important test for: nuclear physics 
model for multi-nucleon emission and 
event generator predictions for proton 
multiplicity and kinematics

✐ Phys.Rev.Lett. 123, 131801 (2019) 

Multiple LAr-TPC detectors at different baselines along the 
Booster Neutrino Beam will search for high Δm2 neutrino 
oscillation: resolve the source MiniBooNE low energy excess
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The cross section of the process in which a lepton scatters off a nucleus is given by

|0i = | A
0 i , |fi = | A

f i, | N
p , A�1

f i, | ⇡
k , 

N
p , A�1

f i . . .

Theory of lepton-nucleus scattering

`

`0

�, Z,W±

| 0i

| f i

The initial and final wave functions describe many-body states:

+=

One and two-body current operators

d� / L↵�R↵�



Global Fermi gas: independent particles

2

The basic concept of the FermiThe basic concept of the Fermi--gas modelgas model

The theoretical concept of a Fermi-gas may be applied for systems of weakly 
interacting fermions, i.e. particles obeying Fermi-Dirac statistics leading to the Pauli
exclusion principle !!!!
• Simple picture of the nucleus:
— Protons and neutrons are considered as moving freely within the nuclear volume. 
The binding potential is generated by all nucleons
— In a first approximation, these nuclear potential wells are considered as
rectangular: it is constant inside the nucleus and stops sharply at its edge 
— Neutrons and protons are distinguishable fermions and are therefore situated in 
two separate potential wells

— Each energy state can be ocupied by two
nucleons with different spin projections
— All available energy states are filled by 
the pairs of nucleons !!!! no free states , no 
transitions between the states
— The energy of the highest occupied state 
is the Fermi energy EF

— The difference B‘ between the top of the well and the Fermi level is constant for 
most nuclei and is just the average binding energy per nucleon B‘/A = 7–8 MeV.

 Simple picture of the nucleus: only 
statistical correlations are retained 
(Pauli exclusion principle)

 Protons and neutrons are considered as 
moving freely within the nuclear volume

 The energy of the highest occupied 
state is the Fermi energy:  EF , B’ 
constant binding energy
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-

)2 (GeVQE
2Q
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1.08×=1.007) κ=1.35 GeV, eff
ARFG model (M

FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged

✐ MiniBooNE collaboration, PRD 81 (2010) 092005

 The Global Fermi gas model has been widely used 
in comparisons of neutrino scattering data. 

MiniBooNE data analysis to reproduce the data: 
MA~1.35 GeV is incompatible with former 
measurements in bubble chamber: MA~1.03 GeV

Nuclear effects can explain the axial mass puzzle
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Valencia - Lyon models

18/4/2016 M. Martini,  ESNT 2p-2h workshop 20 

RPA 

coherent π  
production 

π,ρ,g’ 

Switching on the interaction: random phase approximation (RPA)  

π 

exclusive channels: 
QE, 2p-2h, ΔoπN … 

M. Martini, M. Ericson, G. Chanfray, J. Marteau, PRC 80 065501 (2009) 

q=300 MeV/c 

• External force acting on one nucleon is transmitted 
to the neighbors via the interaction 

• The nuclear response becomes collective 
• Long-range nucleon-nucleon correlations are included in RPA 

This approach allows for a unified treatment of 
different reaction mechanisms

with !!¯" the Heaviside function. Since "dtdS provides a
probability times a differential of area, which is a contribu-
tion to the !#l , l" cross section, we have

d$ = "!k;%"dtdS = −
1
k0
Im &#!k;%"dtdS

= −
1

#k!#
Im &#!k;%"d3r !15"

and hence the nuclear cross section is given by

$ = −
1

#k!#
$ Im &#„k;%!r"…d3r , !16"

where we have substituted &# as a function of the nuclear
density at each point of the nucleus and integrate over the
whole nuclear volume. Hence, we assume the local density
approximation, (LDA), which, as shown in Ref. [3], is an
excellent approximation for volume processes like the one
studied here. Coming back to Eq. (14) we find

d2$#l

d'!k̂!"dk!0
= −

#k!!#

#k!#

G2

4(2
%2&2
g
'2$ d3r

2(
(L)*

s Im!+W
)* ++W

*)"

− L)*
a Re!+W

)* −+W
*)") !!q0" !17"

and then by comparing to Eq. (3), the hadronic tensor reads

Ws
)$ = −!!q0"%2&2

g
'2$ d3r

2(
Im* +W

)$ ++W
$)+!q;%" ,

!18"

Wa
)$ = −!!q0"%2&2

g
'2$ d3r

2(
Re* +W

)$ −+W
$)+!q;%" .

!19"

As we see, the basic object is the self-energy of the gauge
boson !W±" inside of the nuclear medium. Following the
lines of Ref. [4], we should perform a many-body expansion,
where the relevant gauge boson absorption modes would be
systematically incorporated: absorption by one nucleon, or a
pair of nucleons or even three nucleon mechanisms, real and
virtual meson !( ,% , . . . " production, excitation of , of
higher resonance degrees of freedom, etc. In addition,
nuclear effects such as RPA or short range correlations3
(SRC) should also be taken into account. Some of the W
absorption modes are depicted in Fig. 2.
Up to this point the formalism is rather general and its

applicability has not been restricted to the QE region. In this
work we will focus on the QE contribution to the total cross
section, and it will be analyzed in detail in the next section.

III. QE CONTRIBUTION TO !W
"#„q ;$…

The virtual W+ can be absorbed by one nucleon leading to
the QE contribution of the nuclear response function. Such a
contribution corresponds to a 1p1h nuclear excitation (first of
the diagrams depicted in Fig. 2). To evaluate this self-energy,
the free nucleon propagator in the medium is required:

3For that purpose we use an effective interaction of the Landau-
Migdal type.

FIG. 2. Diagrammatic repre-
sentation of some diagrams con-
tributing to the W+ self-energy.
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QE, two-nucleon emission, π-production are 
obtained performing different cuts on the 
internal lines of the W-boson self energy: 
Optical theorem
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Figure 3: (a) Set of irreducible diagrams responsible for the polarization (RPA) effects in the 1p1h
contribution to the W or Z self energies. (b) MiniBooNE flux-averaged CC quasielastic νµ−12C double
differential cross section per neutron for 0.8 < cos θµ < 0.9 as a function of the muon kinetic energy. (c, d)
Different theoretical predictions for muon neutrino CCQE total cross section off 12C, as a function of the
neutrino energy (c) and q2 (d), obtained from the relativistic model of [29, 30]. In all casesMA ∼ 1.05GeV.

also incorporate the FSI between the ejected nucleon and the residual nucleus. The final
nucleon is described either, as a scattering solution of the Dirac equation [42, 43] in the
presence of the same relativistic nuclear mean field potential applied to the initial nucleon, or
adopting a relativistic multiple-scattering Glauber approach [41].

The relativistic Green’s function model [45]would be also appropriate to account for
FSI effects between the ejected nucleon and the residual nucleus for the inclusive scattering,
where only the outgoing lepton is detected. There, final-state channels are included, and the
flux lost in each channel is recovered in the other channels just by the imaginary part of an
empirical optical potential and the total flux is thus conserved.
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also incorporate the FSI between the ejected nucleon and the residual nucleus. The final
nucleon is described either, as a scattering solution of the Dirac equation [42, 43] in the
presence of the same relativistic nuclear mean field potential applied to the initial nucleon, or
adopting a relativistic multiple-scattering Glauber approach [41].

The relativistic Green’s function model [45]would be also appropriate to account for
FSI effects between the ejected nucleon and the residual nucleus for the inclusive scattering,
where only the outgoing lepton is detected. There, final-state channels are included, and the
flux lost in each channel is recovered in the other channels just by the imaginary part of an
empirical optical potential and the total flux is thus conserved.

Long-range NN correlations are included in the RPA

✐ Morfin, Nieves, Sobczyk Adv.High Energy Phys. 2012 934597 

 14



Valencia - Lyon models
Multi-nucleon emission first 
proposed as a solution of the 
MiniBooNE axial-mass puzzle in 
Martini et al, PRC 80, 065501 (2009) 
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by 0.9. In all the cases MA ∼ 1.05GeV.

of the ∆N → NN interaction inside of the nucleus. Indeed, one should consider a full
interaction model for the in medium baryon-baryon interaction), where the gauge boson is
being absorbed by two or more nucleons, and others like real pion production followed by
absorption (Figures 2(c) and 2(d)). The MiniBooNE analysis of the data attempts to correct
(through aMonte Carlo estimate) for some of these latter effects, such as real pion production
that escapes detection through reabsorption in the nucleus leading to multinucleon emission.
But, it seems clear that to describe the data of [12], it is necessary to consider, at least, the sum
of the selfenergy diagrams depicted in Figures 2(a) and 2(e). Those correspond to the genuine
QE (absorption by just one nucleon), and the multinucleon contributions, respectively. These
two mechanisims contribute to the CCQE-like cross section (also for simplicity, we will
often refer to the multinucleon mechanism contributions, though they include effects beyond
gauge boson absorption by a nucleon pair, as 2p2h (two-particle hole) effects).

The inclusion of the 2p2h contributions enables [37, 38] the double differential cross
section d2σ/dEµd cos θµ and the integrated flux unfolded cross section (we should warn the
reader here, because of themultinucleonmechanism effects, the algorithm used to reconstruct
the neutrino energy is not adequate when dealing with quasielastic-like events, a distortion
of the total flux unfolded cross section shape could be produced. We will address this point
in Section 3.5) measured by MiniBooNE, to be described with values of MA (nucleon axial
mass) around 1.03 ± 0.02GeV [8, 13]. This is reassuring from the theoretical point of view
and more satisfactory than the situation envisaged by some other works that described the
MiniBooNE data in terms of a larger value ofMA of around 1.3–1.4GeV, as mentioned above.

3.3.1. Similarites and Differences between Multinucleon Ejection Models

As shown in Figures 3(a) and 3(b), the IFIC group predictions [37, 56] for QE cross sections
agree quite well with those obtained in [32, 33, 38] (Lyon group). However, both above
presented approaches considerably differ (about a factor of two) in their estimation of the
size of the multinucleon effects, as can be appreciated in Figure 4. IFIC predictions, when
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Figure 39. (color online) T2K flux-integrated nµ CC inclusive double differential cross section
on carbon per nucleon as a function of the muon momentum. The experimental T2K points are
taken from [148]. The different contributions to the inclusive cross sections obtained in three
different models are shown. Four upper panels: Martini and Ericson results of Ref. [217];
four middle panels: SuSAv2-MEC results of Megias et al. [209]; four lower panels: GiBUU
results of Gallmeister et al. [230].
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Figure 39. (color online) T2K flux-integrated nµ CC inclusive double differential cross section
on carbon per nucleon as a function of the muon momentum. The experimental T2K points are
taken from [148]. The different contributions to the inclusive cross sections obtained in three
different models are shown. Four upper panels: Martini and Ericson results of Ref. [217];
four middle panels: SuSAv2-MEC results of Megias et al. [209]; four lower panels: GiBUU
results of Gallmeister et al. [230].

The Valencia and Lyon model have been tested in the 
CCQE-like, CC0π and CC inclusive data for different 
experiments

They are currently implemented in different EG  

The inclusion of RPA effects more relevant at low-q2 

yielding shape distortion in the QE cross section

✐  M. Martini et al, Phys.Rev.C90,025501(2014) 

✐ Morfin, Nieves, Sobczyk Adv.High Energy Phys. 2012 934597 
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SuSav2 model
SuSA utilizes the longitudinal scaling function extracted from electron scattering data to obtain both 
electron and neutrino cross sections

Relativistic Mean Field (RMF): more rigorous approach 
to compute the scaling functions. Reproduces the T 
enhancement displayed by data and incorporates final 
sate interactions but limited to intermediate kinematics.
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FIG. 3: (Color online) Proton and neutron contributions to
the scaling function obtained from the analysis of 12C(e, e′).
Same kinematics as in Fig. 1. The results correspond to the
RMF approach with CC2 (top panel) and CC1 (middle). The
EMA case is presented in the bottom panel.

neutron fN scaling functions are shown in Fig. 3 for the
same kinematics as in Fig. 1. The total scaling func-
tion, obtained as an average of fP and fN with weights
GP /G and GN/G, respectively, is also shown in the fig-
ure with solid lines. We show results for the RMF ap-
proach and for both current operators CC2 (top panel)
and CC1 (middle). For completeness, the results cor-
responding to EMA are also shown in the bottom panel
(here we only consider CC2, since results for CC1 are ba-
sically the same). As one observes, in EMA the proton
and neutron scaling functions are almost identical i.e.,
fP = fN ; such a result will be called scaling of the third
kind or isospin scaling. A similar result also occurs for
the NR and SR calculations. In contrast, protons and
neutrons yield different scaling functions in the RMF ap-
proach, with magnitude dependent on the choice of cur-
rent operator. The results of Fig. 3 indicate that the
proton/neutron balance in f(ψ′) is significantly modified

after the inclusion of dynamical relativistic distortion of
the spinors, due mainly to the presence of strong relativis-
tic potentials in the final state. Thus, the effect of spinor
distortion on the scaling function is isospin-dependent,
making the separate scaling functions for protons and
neutrons appreciably different, fP ̸= fN , that is, violat-
ing scaling of the third kind. This is connected to the
breaking of the zeroth-kind scaling observed in Fig. 1 in
the full relativistic calculation. As will be shown later,
the isoscalar/isovector terms in both the L and T chan-
nels in (e, e′) reactions also yield significant differences
when compared with the purely isovector contributions
involved in CC neutrino-nucleus scattering processes.
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FIG. 4: (Color online) Longitudinal and transverse scal-
ing functions for (e, e′) compared with f(ψ′) evaluated from
(ν, µ−) and (ν, µ+). All results have been evaluated with the
RMF approach using the CC2 current operator. The kinemat-
ics selected correspond to fixed values of the incident lepton
energy, ε = 1 GeV, and momentum transfer, q = 0.7 GeV/c.
The averaged experimental function extracted from longitu-
dinal electron scattering data is also shown [4].

The universal character of the scaling function and
its validity for electromagnetic and weak interactions is
further analyzed in Fig. 4. Here we directly compare
the functions fL(ψ′) and fT (ψ′) obtained from (e, e′)
cross sections with the ones corresponding to (νµ, µ−)
and (νµ, µ+) reactions. All results have been evaluated
within the RIA and making use of the RMF potential
to describe FSI. The prescription of the current oper-
ator is CC2 for both electromagnetic and weak interac-
tions [7]. The kinematics correspond to fixed values of the
incident lepton (electron, neutrino, antineutrino) ener-
gies, 1 GeV, and transferred momentum q = 0.7 GeV/c.
Similar results are obtained if, instead of fixing the mo-
mentum transfer, we select a specific value of the lepton
(electron or muon) scattering angle. The averaged QE
phenomenological function obtained from the analysis of
(e, e′) data [4] is also included in Fig. 4. As observed, the

SuSav2: provides a description of the responses based on 
RMF behavior at lower q, while for higher q it mimics 
RPWIA trends. 

Meson Exchange Currents : 2p2h included is 
based on a RFG calculation with fully 
relativistic currents
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✐  G,D.Megias et al, PRD.91.073004

✐  J.A. Caballero et al, Phys,Lett.B.653, 2007
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SuSav2 model

Extensive 
comparison with 
electron 
scattering data 
12C(e,e’) double 
differential cross 
section
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FIG. 7. (Color online) As for Fig. 5, but now for kinematics
corresponding to the highest qQE-values considered.
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FIG. 6. (Color online) As for Fig. 5, but now for kinematics
corresponding to higher qQE-values.
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FIG. 6. (Color online) As for Fig. 5, but now for kinematics
corresponding to higher qQE-values.
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FIG. 6. (Color online) As for Fig. 5, but now for kinematics
corresponding to higher qQE-values.

more detailed conclusions regarding the 2p2h contribution
as the 1p1h remains dominant.
Importantly is can also be seen that there is in general

very good agreement between the full SuSAv2 1p1h and
2p2h calculations and their implementations in GENIE.
The remaining differences in the 1p1h channel stem from
interpolation and integration method differences. Whilst
these also affect the 2p2h case, the largest difference here
stems from the SuSA group’s use of a parametrization of

the microscopic model in order to speed up calculations,
which is not necessary in the GENIE implementation.
To validate that this is the primary source of the small
differences observed, the SuSA 2p2h parametrization was
used to build a hadron tensor which was then implemented
into GENIE. Figure 9 shows the total cross-section pre-
dictions from the SuSA 2p2h model alongside the imple-
mentation in GENIE using the hadron tensor taken directly
from the microscopic model or taken from the parametri-
zation. From this it can clearly be seen that GENIE is
able to match the SuSA 2p2h when using the hadron
tensor taken from their parametrization and that small
differences exist when using the hadron tensor from the
full microscopic model. Some differences remain due to
the aforementioned integration and interpolation methods
(particularly for antineutrinos), but these are fairly small.

APPENDIX B: FURTHER COMPARISONS TO
THE GENIE-VALENCIA MODEL PREDICTIONS

Figures 10 and 11 show a comparison of the SuSAv2 and
Valencia model predictions (1p1h and 2p2h), as imple-
mented in GENIE, on top of GENIE’s pion absorption
prediction for T2K inclusive and semi-semi-inclusive
CC0π results. This clearly shows that the implemented
Valencia and SuSA models differ substantially, with only
the SuSA model able to describe the very forward data and
the Valencia model describing the midangle data a little
better. The discrepancies between the model and data are
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FIG. 10. Comparison of the T2K CC0π measurement of muon-neutrino interactions on carbon with the SuSAv2 and Valencia models
(1p1hþ 2p2h) each with an additional pion-absorption contribution as implemented in GENIE. The (unstacked) contribution from each
interaction mode is shown separately, as well the total prediction. The top plots are the SuSAv2 predictions whilst the Valencia ones are
below. The data points are taken from [71].
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more detailed conclusions regarding the 2p2h contribution
as the 1p1h remains dominant.
Importantly is can also be seen that there is in general

very good agreement between the full SuSAv2 1p1h and
2p2h calculations and their implementations in GENIE.
The remaining differences in the 1p1h channel stem from
interpolation and integration method differences. Whilst
these also affect the 2p2h case, the largest difference here
stems from the SuSA group’s use of a parametrization of

the microscopic model in order to speed up calculations,
which is not necessary in the GENIE implementation.
To validate that this is the primary source of the small
differences observed, the SuSA 2p2h parametrization was
used to build a hadron tensor which was then implemented
into GENIE. Figure 9 shows the total cross-section pre-
dictions from the SuSA 2p2h model alongside the imple-
mentation in GENIE using the hadron tensor taken directly
from the microscopic model or taken from the parametri-
zation. From this it can clearly be seen that GENIE is
able to match the SuSA 2p2h when using the hadron
tensor taken from their parametrization and that small
differences exist when using the hadron tensor from the
full microscopic model. Some differences remain due to
the aforementioned integration and interpolation methods
(particularly for antineutrinos), but these are fairly small.

APPENDIX B: FURTHER COMPARISONS TO
THE GENIE-VALENCIA MODEL PREDICTIONS

Figures 10 and 11 show a comparison of the SuSAv2 and
Valencia model predictions (1p1h and 2p2h), as imple-
mented in GENIE, on top of GENIE’s pion absorption
prediction for T2K inclusive and semi-semi-inclusive
CC0π results. This clearly shows that the implemented
Valencia and SuSA models differ substantially, with only
the SuSA model able to describe the very forward data and
the Valencia model describing the midangle data a little
better. The discrepancies between the model and data are
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more detailed conclusions regarding the 2p2h contribution
as the 1p1h remains dominant.
Importantly is can also be seen that there is in general

very good agreement between the full SuSAv2 1p1h and
2p2h calculations and their implementations in GENIE.
The remaining differences in the 1p1h channel stem from
interpolation and integration method differences. Whilst
these also affect the 2p2h case, the largest difference here
stems from the SuSA group’s use of a parametrization of

the microscopic model in order to speed up calculations,
which is not necessary in the GENIE implementation.
To validate that this is the primary source of the small
differences observed, the SuSA 2p2h parametrization was
used to build a hadron tensor which was then implemented
into GENIE. Figure 9 shows the total cross-section pre-
dictions from the SuSA 2p2h model alongside the imple-
mentation in GENIE using the hadron tensor taken directly
from the microscopic model or taken from the parametri-
zation. From this it can clearly be seen that GENIE is
able to match the SuSA 2p2h when using the hadron
tensor taken from their parametrization and that small
differences exist when using the hadron tensor from the
full microscopic model. Some differences remain due to
the aforementioned integration and interpolation methods
(particularly for antineutrinos), but these are fairly small.

APPENDIX B: FURTHER COMPARISONS TO
THE GENIE-VALENCIA MODEL PREDICTIONS

Figures 10 and 11 show a comparison of the SuSAv2 and
Valencia model predictions (1p1h and 2p2h), as imple-
mented in GENIE, on top of GENIE’s pion absorption
prediction for T2K inclusive and semi-semi-inclusive
CC0π results. This clearly shows that the implemented
Valencia and SuSA models differ substantially, with only
the SuSA model able to describe the very forward data and
the Valencia model describing the midangle data a little
better. The discrepancies between the model and data are
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ValenciaSuSA-v2

Comparison of the T2K 
CC0π measurement of 
νµ-C with the SuSAv2 
and Valencia models each 
with an additional pion-
absorption contribution 
as implemented in 
GENIE. 

✐  G.D.Megias et al, Phys Rev D 94. 013012 (2016)

✐  S. Dolan et al, Phys Rev D 101 no.3, 033003 (2020)
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Neutrino experiment are becoming more and more sensitive to 
the complexity of nuclear dynamics. 

Spectral Function (SF) Short-time Approximation (STA)

Nuclear many-body theory

Green’s Function Monte Carlo

H =
X

i

p2
i

2m
+

X

i<j

vij +
X

i<j<k

Vijk + . . .

Same starting point for different many-body methods: 
Effective Field Theory interactions and currents


Argoneut

 18



Virtually exact results for 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
GFMC accurately solves the Schrödinger equation for nuclei up to 
12C using high performance computing
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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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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. 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, J. Carlson, S. Gandolfi, NR, and R. Schiavilla, arXiv:2003.07710

MEC 
enhancement

T2K flux is the most suitable one for the GFMC calculations (nonrelativistic)
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Short Time Approximation
Correlated pair

The STA method utilizes QMC techniques to predict 
the response function of nuclei in the quasielastic 
region. 

Interaction effects at the two-nucleon level are fully retained, and the interference between one- 
and two-body terms are consistently accounted for, access to exclusive channels

Assumption: for short times (moderate q) only the 
active pair of nucleons propagate

Electromagnetic responses of 4He:
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FIG. 11. Transverse response functions calculated with the STA at q=300–600 MeV/c are com-

pared with those obtained from analysis of the world data [10].

rents. The STA goes beyond the spectral function approach in explicitly taking into account

the specific electroweak two-nucleon current operators and Pauli blocking between the struck

and spectator nucleons. The cost is that it must be evaluated explicitly in the ground state

for each momentum transfer q and each transition current operator.

Additionally, the STA provides information about pairs of nucleons at the interaction

vertex. This can be very valuable when trying to understand more exclusive processes

like back-to-back nucleons that can be measured experimentally. It is also important in

neutrino physics, where analyses of specific final states are used to gain information on the

initial neutrino energy, a crucial input in neutrino oscillation analyses. For large nuclei this

information about the vertex will have to be augmented by semi-classical event generators.

The STA is amenable to many improvements, particularly in the higher-energy regime.

Since it factorizes the response into a two-nucleon component and a spectator nucleus,

one can more easily incorporate relativistic kinematics and currents, pion production, and
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FIG. 5. STA results for 4He(e, e0) inclusive scattering. Longitudinal response at q = 500 MeV/c.

Notation as in Fig. 4.

free-particle propagator via the replacement in Eq. (20). As shown in Fig. 6, the final state

interactions within the pair at q=300 and 500 MeV/c shift strength to lower energies. At

low energy, this is especially apparent before the inclusion of the shift in ! via the inclusion

of the threshold !th.
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FIG. 6. Comparison of transverse responses without (dashed lines) and with (full lines) interact-

ing two-nucleon final states. Various contributions are shown, including one-body current diagonal

terms, one-body current o↵-diagonal (i 6= j) terms, interference between one- and two-body cur-

rents, and two-body currents only. See text for further explanations. Results at q=300 MeV/c

(left panel) and q=500 MeV/c (right panel).

The response can also be divided into one-body diagonal or incoherent terms (those

where the same single-nucleon current operator acts at the initial and final times, namely
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✐  S. Pastore et al, Phys.Rev.C 101 (2020) 4, 044612
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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
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✐ NR, et al, Phys. Rev. C 100 (2019) no.4, 045503 
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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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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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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
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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

 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

 22



Future experiments and theory efforts

✐ J.A. Formaggio and G.P. Zeller, RMP 84 (2012) 

Hyper-K

DUNE

DUNE and Hyper-K high-precision measurement of neutrino oscillation parameter → accurate cross 
section predictions supplemented by theoretical uncertainty

Electron for Neutrinos:  
constrain interaction models 
used in v energy reconstruction
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Jlab E12-14-012 experiment: 
study the properties of Ar 
nucleus by electron scattering. 
The data cover different 
reaction mechanisms

DIS: data and new analyses 
from MINERvA on different 
nuclei

QE-RES: rich set of new cross 
section measurements T2K, 
MINERvA, NOvA, MicroBooNE
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FIG. 3. Inclusive Ti(e,e’) (top) and Ar(e,e’) (bottom) cross
sections at 2.2 GeV and 15.5� scattering angle. The solid
(dashed) line shows the quasielastic cross section with (with-
out) the inclusion of FSI. For the FSI results, the theoretical
uncertainties coming from model-space convergence are also
shown as a shaded band. Experimental data are taken from
Ref. [15, 16] and show both the quasielastic peak and the con-
tribution from meson production at larger missing energies.

ing data in the quasielastic peak starting from available
relativistic mean-fields and optical potentials [16]. This
description is already superior to a Fermi-gas model, to
an extent that the description of neutrino-nucleus scat-
tering is noticeably impacted [14, 44, 45]. The ab initio
spectral function of Fig. 2 is computed directly from the
underlying two- and three -nucleon interactions and it
contains even more detailed information about the struc-
ture of the nuclear target. The knowledge of S

h
s (p, E)

can then impact the accurate determination of the cross
sections, especially for exclusive events. The quality of
our spectral functions is tested by computing the in-
clusive electron scattering on 40Ar and 48Ti at the en-
ergy and kinematics of the E12-14-012 JLab experiment.
The resulting cross sections are displayed in Fig. 3 as a
function of the energy transfer and reproduce closely the
quasielastic peak from experimental data. In the present
calculation, we have neglected two-nucleon currents and
meson-production contributions that dominate the cross
section at higher energy transfer [12]. The dashed and
solid curves in the figures demonstrate the effect of FSI.
Note that the colored band in the FSI curve also shows
the uncertainty from model space convergence that has
been estimated as discussed above. This is representative
of both curves and shows that our calculations are near
full convergence with respect to the model space. The
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FIG. 4. Quasielastic neutral (top) and charged current (bot-
tom) cross section for 1 GeV neutrino scattering. Dot-dashed
lines refer to a 12C target and solid lines (with a color band
showing the theoretical uncertainty due to model-space con-
vergence) refer to 40Ar. The dotted lines result from using
the 48Ti proton spectral function as an approximation for
neutrons in 40Ar. The insets show the difference between the
latter and calculations where the full spectral distribution of
40Ar is used.

inclusion of FSI produces a small shift in the position of
the quasielastic peak that improves the description for
! < 180 MeV. On the other hand, strength is removed
from the maximum of the peak and moved to the tail.
Hence, the prediction based on the NNLOsat interaction
and GGF-ADC(2) for ground state correlations slightly
underestimates the experimental data at the peak. Over-
all, the discrepancy is still rather small and it is compat-
ible with the larger uncertainties that are intrinsic with
the accuracy of state-of-the-art nuclear forces [46].

Let us now turn to inclusive neutrino scattering on
40Ar, based on the SCGF spectral function and the re-
action model discussed above. The electroweak current
is given by the sum of an axial and vector components.
The latter is connected to the electromagnetic current
through the conserved vector current hypothesis and is
probed by electron scattering measurements. Figure 4
displays the computed inclusive cross sections at 1 GeV
scattering energy for neutral and charged current reac-
tions. The dashed line shows the analogous calculation
for 12C for comparison. The quasielastic peak is found
at similar transferred energies for both 40Ar and 12C
and its magnitude increases with the mass number, as
expected from superscaling properties of inclusive reac-
tions [47, 48].

While in neutral current processes, the cross section
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FIG. 43. The (e, e′) double differential cross section of carbon, titanium and argon from [19, 20], compared with the SuSAv2-
MEC prediction. For completeness, the separate QE, 2p2h and inelastic contributions are also shown. The beam energy is
E=2.222 GeV and the scattering angle θ=15.541 deg.

D. Comparison with recent JLab data

In addition to the previous analyses, we have also tested the validity of the SuSAv2-MEC model and the scaling
rules applied when extrapolating to different nuclei through the analysis of the recent JLab data [398] for inclusive
electron scattering data on three different targets (C, Ar and Ti) [399]. As observed in Fig. 43, the agreement is
very good over the full energy spectrum, with some discrepancy seen only in the deep inelastic region. The 2p2h
response, peaked in the dip region between the QE and ∆-resonance peak, is essential to reproduce the data. We
also analyze in Fig. 44 the kF (Fermi momentum) dependence of the data in terms of scaling of second kind, showing
that the 2p2h response scales very differently from the quasielastic one, in full accord with what is predicted by the
model. As observed, scaling of second kind only works in the QE peak, then it breaks down because non-impulsive
contributions (2p2h) and inelastic channels come into play, being consistent with previous analyses [21, 22]. We also
present the superscaling function f(ψ′) but divided by η3F , where ηF ≡ kF /mN . As shown, scaling is highly broken
in the QE peak (results for carbon are significantly higher), however, results collapse into a single curve within the
dip region. This result confirms our previous study in [132], where we predicted that 2p2h response scales as k3F .
It is important to point out that the minimum in the cross section shown in Fig. 44 corresponds to the maximum
in the 2p2h contribution (see Fig. 43). Although contributions from the QE and inelastic domains also enter in
the dip region, and this may at some level break the scaling behavior, results in bottom panels of Fig. 44 strongly
reinforce our confidence in the validity of our 2p2h-MEC model, whose predictions are very successfully confirmed
by the experimental data. It is also interesting to note that the same type of scaling, i.e, f(ψ′)/η3F , seems to work
reasonbly well not only in the dip region but also in the resonance and DIS domains. Further studies on the origin
of this behavior are underway. In overall, thsee results represent a valuable test of the applicability of the model to
neutrino scattering processes on different nuclei. A more detailed analysis about these data can be found in [399].
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FIG. 44. Left panel: The superscaling function extracted from the JLab data [19, 20]. Right panel: The superscaling function
divided by η3F extracted from the JLab data [19, 20].

E. Comparison with neutrino scattering data

In this Section we present our theoretical predictions compared with charged-current neutrino scattering data from
different collaborations, mainly T2K and MINERvA but also analyzing MiniBooNE kinematics. The SuSAv2-MEC
model, that has already proven to describe accurately (e, e′) data (see previous section), is here applied to the analysis
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D. Comparison with recent JLab data

In addition to the previous analyses, we have also tested the validity of the SuSAv2-MEC model and the scaling
rules applied when extrapolating to different nuclei through the analysis of the recent JLab data [398] for inclusive
electron scattering data on three different targets (C, Ar and Ti) [399]. As observed in Fig. 43, the agreement is
very good over the full energy spectrum, with some discrepancy seen only in the deep inelastic region. The 2p2h
response, peaked in the dip region between the QE and ∆-resonance peak, is essential to reproduce the data. We
also analyze in Fig. 44 the kF (Fermi momentum) dependence of the data in terms of scaling of second kind, showing
that the 2p2h response scales very differently from the quasielastic one, in full accord with what is predicted by the
model. As observed, scaling of second kind only works in the QE peak, then it breaks down because non-impulsive
contributions (2p2h) and inelastic channels come into play, being consistent with previous analyses [21, 22]. We also
present the superscaling function f(ψ′) but divided by η3F , where ηF ≡ kF /mN . As shown, scaling is highly broken
in the QE peak (results for carbon are significantly higher), however, results collapse into a single curve within the
dip region. This result confirms our previous study in [132], where we predicted that 2p2h response scales as k3F .
It is important to point out that the minimum in the cross section shown in Fig. 44 corresponds to the maximum
in the 2p2h contribution (see Fig. 43). Although contributions from the QE and inelastic domains also enter in
the dip region, and this may at some level break the scaling behavior, results in bottom panels of Fig. 44 strongly
reinforce our confidence in the validity of our 2p2h-MEC model, whose predictions are very successfully confirmed
by the experimental data. It is also interesting to note that the same type of scaling, i.e, f(ψ′)/η3F , seems to work
reasonbly well not only in the dip region but also in the resonance and DIS domains. Further studies on the origin
of this behavior are underway. In overall, thsee results represent a valuable test of the applicability of the model to
neutrino scattering processes on different nuclei. A more detailed analysis about these data can be found in [399].
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In this Section we present our theoretical predictions compared with charged-current neutrino scattering data from
different collaborations, mainly T2K and MINERvA but also analyzing MiniBooNE kinematics. The SuSAv2-MEC
model, that has already proven to describe accurately (e, e′) data (see previous section), is here applied to the analysis
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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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Theoretical uncertainty estimate: truncation of 
the chiral expansion and statistical uncertainty 
of the ab-initio method

Using more approximate methods, first 
calculations of lepton-Ar cross sections  

Controlled approximation of the nuclear-many 
body problem are needed to include relativistic 
effects. Benchmark with ab-initio results
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Future experiments and theory efforts
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