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Inclusive and (exclusive) 
neutrino–nucleus cross 

sections and the 
reconstruction of the 
interaction kinematics



Theoretical (many body) approach For instance,  charged 
current process

(𝑞𝑞0, �⃗�𝑞)



CONSISTENT MICROSCOPIC 
DESCRIPTION of the QE, DIP 
AND  ∆ , REGIONS BECOMES 
FUNDAMENTAL BECAUSE  
NEUTRINO BEAMS ARE NOT 
MONOCHROMATIC



QE (1p1h) contribution 

𝒑𝒑𝟐𝟐 ≈ (𝒑𝒑 + 𝒒𝒒)𝟐𝟐

𝟐𝟐𝒑𝒑𝒒𝒒 + 𝒒𝒒𝟐𝟐 ≈ 𝟎𝟎

𝒒𝒒𝟎𝟎 ≈ −
𝒒𝒒𝟐𝟐

𝟐𝟐𝟐𝟐
=

𝒒𝒒 𝟐𝟐 − (𝒒𝒒𝟎𝟎)𝟐𝟐

𝟐𝟐𝟐𝟐

(𝑞𝑞0, �⃗�𝑞)first ingredient 𝑊𝑊±𝑁𝑁𝑁𝑁𝑁 (or 𝑍𝑍0𝑁𝑁𝑁𝑁 or 
𝛾𝛾∗𝑁𝑁𝑁𝑁) in vacuum, after nuclear 
corrections should be included…..

+NUCLEAR CORRECTIONS



Basic object: nucleon selfenergy in the medium: 𝜮𝜮 (from realistic
𝑵𝑵𝑵𝑵 interactions in the medium).

Spectral Functions:  modification of the dispersion 
relation of the nucleons inside of the nuclear medium

Spectral Functions: dressing the nucleon lines in the medium



SF from effective  
NN interaction in the medium 
constructed from the 
experimental NN cross section 
+ some medium corrections

Imaginary part of the ph propagator 
(Lindhard function)

Free

Full

QE contribution

JN and J.E. Sobzcyk
Annals Phys. 383 (2017) 455

quenching of the QE peak, produce a spreading of the
strength of the response functions to higher energy
transfers and shift the peak position in the same direction



~ �⃗�𝑞 𝐼𝐼𝐼𝐼𝐼𝐼 𝑞𝑞0, �⃗�𝑞
scaling function

reasonable agreement !

𝜓𝜓 𝑞𝑞0, �⃗�𝑞

𝑓𝑓(𝜓𝜓)
𝜎𝜎[10−40𝑐𝑐𝐼𝐼2]
12𝐶𝐶(𝜈𝜈𝜇𝜇 ,𝜇𝜇)

𝒔𝒔𝑷𝑷 FREE
𝒔𝒔𝒉𝒉 FULL

Free rel

Free non-rel

JN and J.E. Sobzcyk
Annals Phys. 383 (2017) 455

J. E. Sobczyk, N. Rocco,A. Lovato and JN
PRC 97 (2018) 035506 



QE nuclear corrections: RPA: long range correlations

(SRC) 

(SRC) 



QE noRPA

QE RPA

2p2h

QE RPA / QE noRPA

RPA (long range 
correlations) the weak 
probe interacts with the 
nucleus as a whole,

RPA effects → 𝟎𝟎,  when 
�𝟏𝟏 𝑸𝑸𝟐𝟐

≪ nuclear radius, since 

then the probe would see the 
individual nucleons or even the 
partons

deplection at low 𝑸𝑸𝟐𝟐 values Gran+JN+Sánchez+Vicente-Vacas
PRD88 (2013) 113007



𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋
300 MeV

𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋
500 MeV

Kolbe, Langanke, 
Martinez-Pinedo, 
Vogel, J. Phys. 
G29, 2569 (2003)

�𝒅𝒅𝝈𝝈
𝒅𝒅𝒅𝒅𝒅𝒅𝒔𝒔(𝜃𝜃′)

M. Martini, M. Ericson, and G. Chanfray, Phys.Rev. C84, 
055502 (2011)

reasonable agreement !
JN and J.E. Sobzcyk
Annals Phys. 383 (2017) 455



QE: 1p1h

500 MeV

𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇− 𝑋𝑋 �𝝂𝝂𝝁𝝁 + 16𝑂𝑂 ⟶ 𝜇𝜇+ 𝑋𝑋

130 MeV

𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒− 𝑋𝑋 �𝝂𝝂𝒆𝒆 + 16𝑂𝑂 ⟶ 𝑒𝑒+ 𝑋𝑋

SF+RPA

Free

Free + RPA

RPA effects in integrated decay rates or cross sections become significantly smaller when SF corrections are also considered

JN and J.E. Sobzcyk
Annals Phys. 383 
(2017) 455

SF+RPA



[125]: Hayes & Towner, PRC61, 044603;
[44]: Volpe et al., PRC62, 015501; [45]: Kolbe et al., J. Phys. G29, 2569 

10−40 cm2

Flux-
averaged 
cross 
sections

JN and J.E. Sobzcyk
Annals Phys. 383 (2017) 455



Benhar, Coletti, Meloni,
PRL 105, 132301 (2010)

Spectral Functions (SRC) populate  
neither the dip nor the ∆ regions

𝜟𝜟 region

QE region



Excitation of 𝚫𝚫(𝟏𝟏𝟐𝟐𝟏𝟏𝟐𝟐) degrees of 
freedom, 𝑻𝑻 = 𝟏𝟏/𝟐𝟐 and 𝑱𝑱𝑷𝑷 = 𝟏𝟏/𝟐𝟐+

• energy transfer should be 
sufficiently large…

• because of the large 𝝅𝝅𝑵𝑵𝚫𝚫
coupling,  the properties of 
pion and 𝚫𝚫 inside of a nuclear 
medium become important

(𝑞𝑞0, �⃗�𝑞)

∆h contribution (pion production in first step)



first ingredient 𝑊𝑊±𝑁𝑁 ⟶ 𝑁𝑁′𝜋𝜋 (or 𝑍𝑍0𝑁𝑁 ⟶ 𝑁𝑁′𝜋𝜋 or 𝛾𝛾𝑁𝑁 ⟶ 𝑁𝑁′𝜋𝜋) in vacuum, after nuclear 
corrections should be included…..

EFT involving pions and nucleons 
which implements:
• non-resonant background 

determined by chiral symmetry and 
its pattern of spontaneous breaking

• unitarity in the dominant 
multipoles

+ crossing symmetry+ N(1520) 
+ phenomenological 𝑞𝑞2 form-factors

Hernández+ JN+Valverde PRD76 (2007) 033005 
PRD81 (2010) 085046 (deuteron effects in data)
PRD93 (2016) 014016 (Watson’s theorem)
PRD95 (2017) 053007  (local terms and the 𝑛𝑛𝜋𝜋+channel)
PRD98 (2018) 073001 (comparison DCC model, T. Sato et al)



perfect agreement with
the PCAC prediction ~𝟏𝟏.𝟐𝟐

pion neutrino-production 
off nucleons

(dominant WN∆  axial coupling)
(channel for 
which the ∆ is 
less dominant) 



𝚫𝚫-selfenergy
Oset+Salcedo

NPA 468 (1987) 631  

RPA corrections 
driven by an 
effective in 
medium ph-ph, 
ph-∆h and ∆h-∆h 
interaction that 
includes SRC

nuclear corrections
• Pauli blocking
• many body ∆ decay 

modes: ∆𝑁𝑁 → 𝑁𝑁𝑁𝑁
• RPA
• …..

VIRTUAL pion
not only 𝜋𝜋: 𝜋𝜋 + 𝜌𝜌 + SRC + RPA + ⋯
(Effective NN interaction in the medium)



dip region ∆ peak

(broadening and shift)

12𝐶𝐶

16𝑂𝑂

208𝑃𝑃𝑃𝑃

García-Recio +Oset+Salcedo
+Strottman+López, NPA 526 
(1991) 685

𝝅𝝅± 𝟐𝟐𝟎𝟎𝟐𝟐𝑷𝑷𝑷𝑷 → 𝝅𝝅± 𝟐𝟐𝟎𝟎𝟐𝟐𝑷𝑷𝑷𝑷

π

𝜋𝜋+x100

𝜋𝜋−

𝐓𝐓𝛑𝛑 = 𝟏𝟏𝟏𝟏𝟐𝟐 MeV



𝝅𝝅 production + rescattering

2p2h

≠2p2h

nuclear effect: populates the dip region and not dominated by the 𝚫𝚫 𝟏𝟏𝟐𝟐𝟏𝟏𝟐𝟐 driven mechanisms 

SIGNATURE: 1µ in 
the final state ≠ QE

first ingredient 𝑾𝑾±𝑵𝑵 ⟶ 𝑵𝑵′𝝅𝝅
(or 𝒁𝒁𝟎𝟎𝑵𝑵 ⟶ 𝑵𝑵′𝝅𝝅 or 𝜸𝜸𝑵𝑵 ⟶
𝑵𝑵′𝝅𝝅) in vacuum

involves not only VIRTUAL pion: 
𝜋𝜋+𝜌𝜌+SRC+RPA+… (Effective NN 
interaction in the medium)



2p2h (two body absorption) contributions

RPA corrections to 
2p2h contributions

Two cuts:   𝜸𝜸∗𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵
𝜸𝜸∗𝑵𝑵 → 𝑵𝑵𝝅𝝅 (𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝)

+…..Gil+Nieves+Oset.,NPA 627 (1997) 543
(extension of Carrasco+Oset NPA  536 
(1992) 445  for real photons) This work is the natural extension of previous 

work (1985-1993) in pion physics



π

Ν Ν

ΝΝ
Wστ

π𝑵𝑵𝑵𝑵 → 𝑵𝑵𝑵𝑵 2p2h



pions at these energies are non-resonant [kinetic energies well below  production of ∆(1232)]

Nieves+Oset+
García-Recio
NPA 554 

(1993) 554

𝝅𝝅± − 𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐝𝐝𝐧𝐧𝐝𝐝 𝐝𝐝𝐝𝐝𝐫𝐫𝐧𝐧𝐫𝐫𝐫𝐫𝐫𝐫𝐧𝐧𝐝𝐝 𝐫𝐫𝐫𝐫 𝐧𝐧𝐫𝐫𝐥𝐥 𝐝𝐝𝐧𝐧𝐝𝐝𝐝𝐝𝐞𝐞𝐫𝐫𝐝𝐝𝐝𝐝

(elastic cross 
section)



Q= pions
which have 
changed 
either charge, 
energy or 
momentum

Q
A

Absorption + Quasielastic= Reaction cross section



• ∆ dominant component of 
the pion production 
contribution

• Missing strength both at 
the dip region and the ∆
peak

one of the terms generates the 
∆ contribution

unified descriptionGil+Nieves+Oset.,NPA 627 (1997) 543



MICROSCOPIC MODEL: PREDICTIONS (NO FITTED PARAMETERS) FROM THE QE to the ∆ PEAKS, INCLUDING THE DIP REGION

INCLUSIVE CROSS SECTION



DATA: 1µ in the final state ≠ QE

QE-like!

DATA: TOTAL inclusive 
cross section



Neither 2p2h contributions nor RPA effects alone describe 
the MB 2D dataset, which is however  described by the 
combination of both nuclear mechanisms! 

2p2h

RPA

MB estimate of total normalization error 10.7% 

JN+Ruiz-Simo+Vicente-Vacas
PLB 707 (2012) 72



𝟐𝟐𝑨𝑨~ 𝟏𝟏.𝟎𝟎𝟏𝟏 GeV

• Antineutrino 
distributions are more 
forward peaked

• Relative importance of 
2p2h contributions in 𝝂𝝂
and �𝝂𝝂 are similarJN+Ruiz-Simo+Vicente-Vacas

Phys.Lett.B 721 (2013) 90



MB neutrino and antineutrino 2D
dataset is, however, reasonably
described by the combination of
both nuclear mechanisms

Inclusive

DATA: 1µ in the final state ≠ QE

QE-like!

some discrepancies between QE+2p2h and
MiniBooNE flux-unfolded cross section
caused by the neutrino energy
reconstruction procedure used to pass
from flux-folded to flux-unfolded data



Neutrino energy reconstruction 

given a true neutrino energy 𝑬𝑬,  there is a distribution 
of reconstructed energies 𝑬𝑬𝒓𝒓𝒆𝒆𝒅𝒅 …..



theory !

QE 

2p2h 



the algorithm used to reconstruct the
neutrino energy is not adequate when
dealing with quasielastic-like events, and
a distortion of the total flux-unfolded
cross-section shape is produced. This
amounts to a redistribution of strength
from high to low energies, which gives rise
to a sizable excess (deficit) of low (high)
energy neutrinos. This distortion of the
shape leads to a good description of the
MiniBooNE unfolded charged current
quasielastic-like cross sections published
by the MiniBooNE Collaboration

JN, F. Sánchez, I Ruiz-Simo, M.J. Vicente-Vacas PD85 (2012) 113008

actual 
2p2h 

wrongly unfolded 2p2h cross section

QE 

actual cross section wrongly unfolded cross section



T2K:  PRD 98 032003 (2018)

Measurement of the cross
section as a function of the
muon kinematics when there
are no protons (with momenta
above 500 MeV).

good agreement with 
T2K data!



MINERνA: CCQE-like 
(hadron calorimetry)

PRL 116, 071802 (2016)



Hadronic energy spectrum: The IFIC Valencia 2p2h model increases the predicted
event rates, but not enough. This process is increased further with an empirical
enhancement based on MINERνA inclusive neutrino data. The additional events are
from weighting up the generated 2p2h events according to a two-dimensional
Gaussian in true q0, q3, whose six parameters are fit to the neutrino data version of
these distributions. This enhancement adds 50% to the predicted 2p2h strength, but
it targets the event rate in the kinematic region between the CCQE and Δ peaks
where the rate doubles.

MINERνA (Antineutrino Charged-Current Reactions on Hydrocarbon with Low Momentum Transfer):
PRL (2018) 221805  

MINERνA (Measurement of Quasielastic-Like Neutrino 
Scattering at 𝜠𝜠𝝂𝝂 ∼ 3.5 GeV on a Hydrocarbon Target)

Phys.Rev.D 99 (2019) 1, 012004

We therefore enhance the 2p2h prediction from the Nieves model in a specific region.
Integrated overall phase space the rate of 2p2h is increased by 53%.

however……



Bourguille B., Nieves J. and Sánchez F.: Inclusive and exclusive neutrino-
nucleus cross sections and the reconstruction of the interaction kinematics,
JHEP 04 (2021) 004 (results obtained with NEUT)

MINERνA CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑



MINERνA CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑

visible proton in the final state 

reconstructed neutron in the initial state 

QE:   𝜈𝜈𝜇𝜇 + 𝑛𝑛 ⟶ 𝑝𝑝 𝜇𝜇−
(bound in the nucleus)



MINERνA CC𝟎𝟎𝝅𝝅T2K CC𝟎𝟎𝝅𝝅



Angular and 
transverse 
momentum 
variables 
(neutrino 
perpendicular 
to the plane).

MINERνA CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑 T2K CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑

Transverse Kinematic Imbalance (TKI) variables 



MINERνA &  T2K 
CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑

TKI distributions



MINERνA CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑

TKI distributions



T2K CC𝟎𝟎𝝅𝝅𝟏𝟏𝒑𝒑



previous results are confirmed & distributions of momenta of the 
outgoing nucleons in the first step



Conclusions
• CONSISTENT MICROSCOPIC DESCRIPTION of the QE, DIP AND 𝚫𝚫 , REGIONS BECOMES

FUNDAMENTAL BECAUSE NEUTRINO BEAMS ARE NOT MONOCHROMATIC

 SFs are responsible for the quenching of the QE peak, produce a spreading of the strength of the response
functions to higher energy transfers and shift the peak position in the same direction. The overall result is a
decrease of the integrated cross sections and a considerable change of the differential shapes.

 RPA effects in integrated decay rates or cross sections become significantly smaller when SF corrections are
also taken into account, in sharp contrast to the case of a free LFG where they lead to large reductions,
even of around 40%.

 2p2h: necessary ingredients i) 𝑾𝑾±𝑵𝑵 ⟶ 𝑵𝑵′𝝅𝝅 (or 𝒁𝒁𝟎𝟎𝑵𝑵 ⟶ 𝑵𝑵′𝝅𝝅 or 𝜸𝜸𝑵𝑵 ⟶ 𝑵𝑵′𝝅𝝅) in vacuum and ii)
effective NN interaction in the medium: 𝜋𝜋+𝜌𝜌+SRC+RPA+…

 properties of pions and 𝚫𝚫 inside of a nuclear medium become essential to describe the resonance region

• We have analyzed the MiniBooNE CCQE 2D cross section data using a theoretical model that has proved to be
quite successful in the analysis of nuclear reactions with electron, photon and pion probes and contains no
additional free parameters.



Juan Nieves, IFIC (CSIC & UV)

 RPA and multinucleon knockout have been found to be essential for the description of the data.

 MiniBooNE 𝜈𝜈 and �̅�𝜈 CCQE-like data are fully compatible with former determinations of 𝑀𝑀𝐴𝐴 in contrast with
several previous analyses. We find,𝑀𝑀𝐴𝐴 = 1.08 ± 0.03 GeV.

 The MiniBooNE 𝜈𝜈𝜇𝜇 flux could have been underestimated (∼ 10%).

 Because of the multinucleon mechanism effects, the algorithm used to reconstruct the neutrino energy
is not adequate when dealing with QE-like events.

 nucleon-nucleon correlation effects in the RPA series yields a much larger shape distortion toward
relatively more high-𝑞𝑞2 interactions, with the 2p2h component filling in the suppression at very low 𝑞𝑞2

2018-2021: 2p2h+RPA nuclear model describes fairly well MINERVA-T2K
inclusive CC0𝜋𝜋 data. Problems with MINERνA persist in available hadron energy
distributions (2p2h contributions need to be substantially enhanced!), perhaps
related with pion production data…
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