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Theory of lepton-nucleus scattering
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• The cross section of the process in which a lepton scatters off a nucleus is given by
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The initial and final wave functions describe many-body states:
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One and two-body current operators
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Leptonic Tensor: can include new physics models

Hadronic Tensor: nuclear response function
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The basic model of nuclear theory 
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At low energy, the effective degrees of freedom are pions and nucleons:
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 The electromagnetic current is constrained by the Hamiltonian through the continuity equation
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jµij + . . .

Spectral Function (SF) Short-time Approximation (STA)Green’s Function Monte Carlo
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Cross sections: Green’s Function Monte Carlo
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Exact results for v-cross sections in the quasi-elastic region up 
to moderate values of q. 

GFMC accurately obtain the properties of nuclei 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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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.

MiniBooNE
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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, NR et al, Phys.Rev.X 10 (2020) 3, 031068

Limitations: high energy regions, pions can not be explicitly included

MEC 
enhancement
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DUNE

Addressing Neutrino-Oscillation Physics
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Nuclei are complicated objects. Many different reaction mechanisms

QE MEC

p

p
n

RES

p
π

DIS

π
p

n

Δ

ν ν ν ν

µ µ µ µ

✐ J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012) 

Unprecedented accuracy in the 
determination of neutrino-argon 
cross section  is required to achieve 
design sensitivity to CP violation at 
DUNE 

Current oscillation experiments report 
large systematic uncertainties 
associated with the neutrino- nucleus 
interaction models. 
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Cross sections: Spectral function approach 
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 For sufficiently large values of |q|, the factorization scheme can be applied under the assumptions

 The nuclear cross section is given in terms of the one 
describing the interaction with individual bound 
nucleons 

J↵ =
X

i

ji↵

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

| f i ! |pi ⌦ | f iA�1

d�A =

Z
dEd3k d�NP (k, E)

| 0i | f iA�1

|pi

O. Benhar et al, Rev.Mod.Phys. 80 (2008)

mailto:nrocco@fnal.gov


Noemi Rocco, nrocco@fnal.gov

Cross sections: Spectral function approach 
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nuclei. This backward peak is a strong signature
of SRC pairs, indicating that the two emitted
protons were largely back-to-back in the initial
state, having a large relative momentum and a
small center-of-mass momentum (8, 9). This is a
direct observation of proton-proton (pp) SRC
pairs in a nucleus heavier than 12C.
Electron scattering fromhigh–missing-momentum

protons is dominated by scattering from protons
in SRC pairs (9). The measured single-proton
knockout (e,e′p) cross section (where e denotes
the incoming electron, e′ the measured scattered
electron, and p the measured knocked-out pro-
ton) is sensitive to the number of pp and np SRC
pairs in the nucleus, whereas the two-proton
knockout (e,e′pp) cross section is only sensitive to
the number of pp-SRC pairs. Very few of the
single-proton knockout events also contained a
second proton; therefore, there are very few
pp pairs, and the knocked-out protons predom-
inantly originated from np pairs.
To quantify this, we extracted the [A(e,e′pp)/

A(e,e′p)]/[12C(e,e′pp)/12C(e,e′p)] cross-section dou-
ble ratio for nucleus A relative to 12C. The double
ratio is sensitive to the ratio of np-to-pp SRC
pairs in the two nuclei (16). Previous measure-
ments have shown that in 12C nearly every high-
momentum proton (k > 300 MeV/c > kF) has a
correlated partner nucleon, with np pairs out-
numbering pp pairs by a factor of ~20 (8, 9).
To estimate the effects of final-state interac-

tions (reinteraction of the outgoing nucleons in
the nucleus), we calculated attenuation factors
for the outgoing protons and the probability of
the electron scattering from a neutron in an np
pair, followed by a neutron-proton single-charge
exchange (SCX) reaction leading to two outgoing
protons. These correction factors are calculated
as in (9) using the Glauber approximation (22)
with effective cross sections that reproduce pre-
viously measured proton transparencies (23), and
using themeasured SCX cross section of (24).We
extracted the cross-section ratios and deduced the
relative pair fractions from the measured yields
following (21); see (16) for details.
Figure 3 shows the extracted fractions of np

and pp SRC pairs from the sum of pp and np
pairs in nuclei, including all statistical, systematic,
and model uncertainties. Our measurements are
not sensitive to neutron-neutron SRC pairs. How-
ever, by a simple combinatoric argument, even in
208Pb these would be only (N/Z)2 ~ 2 times the
number of pp pairs. Thus, np-SRC pairs domi-
nate in all measured nuclei, including neutron-
rich imbalanced ones.

The observed dominance of np-over-pp pairs
implies that even in heavy nuclei, SRC pairs are
dominantly in a spin-triplet state (spin 1, isospin
0), a consequence of the tensor part of the nucleon-
nucleon interaction (17, 18). It also implies that
there are as many high-momentum protons as
neutrons (Fig. 1) so that the fraction of protons
above the Fermi momentum is greater than that
of neutrons in neutron-rich nuclei (25).
In light imbalanced nuclei (A≤ 12), variational

Monte Carlo calculations (26) show that this re-
sults in a greater average momentum for the
minority component (see table S1). The minority
component can also have a greater average mo-
mentum in heavy nuclei if the Fermimomenta of
protons and neutrons are not too dissimilar. For
heavy nuclei, an np-dominance toy model that
quantitatively describes the features of the mo-
mentum distribution shown in Fig. 1 shows that
in imbalanced nuclei, the average proton kinetic
energy is greater than that of the neutron, up to
~20% in 208Pb (16).
The observed np-dominance of SRC pairs in

heavy imbalanced nuclei may have wide-ranging
implications. Neutrino scattering from two nu-
cleon currents and SRC pairs is important for the
analysis of neutrino-nucleus reactions, which are
used to study the nature of the electro-weak in-
teraction (27–29). In particle physics, the distribu-
tion of quarks in these high-momentum nucleons
in SRC pairs might be modified from that of free
nucleons (30, 31). Because each proton has a
greater probability to be in a SRC pair than a
neutron and the proton has two u quarks for
each d quark, the u-quark distribution modifica-
tion could be greater than that of the d quarks
(19, 30). This could explain the difference be-
tween the weak mixing angle measured on an
iron target by the NuTeV experiment and that of
the Standard Model of particle physics (32–34).
In astrophysics, the nuclear symmetry energy

is important for various systems, including neu-
tron stars, the neutronization of matter in core-
collapse supernovae, and r-process nucleosynthesis
(35). The decomposition of the symmetry energy
at saturation density (r0 ≈ 0.17 fm−3, the max-
imum density of normal nuclei) into its kinetic
and potential parts and its value at supranuclear
densities (r > r0) are notwell constrained, largely
because of the uncertainties in the tensor com-
ponent of the nucleon-nucleon interaction (36–39).
Although at supranuclear densities other effects
are relevant, the inclusion of high-momentum
tails, dominated by tensor-force–induced np-SRC
pairs, can notably soften the nuclear symmetry

energy (36–39). Our measurements of np-SRC
pair dominance in heavy imbalanced nuclei can
help constrain the nuclear aspects of these cal-
culations at saturation density.
Based on our results in the nuclear system, we

suggest extending the previous measurements of
Tan’s contact in balanced ultracold atomic gases
to imbalanced systems in which the number of
atoms in the two spin states is different. The
large experimental flexibility of these systems will
allow observing dependence of the momentum-
sharing inversion on the asymmetry, density,
and strength of the short-range interaction.
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Fig. 3. The extracted
fractions of np (top)
and pp (bottom) SRC
pairs from the sum of
pp and np pairs in
nuclei.The green and
yellow bands reflect
68 and 95% confidence
levels (CLs), respec-
tively (9). np-SRC pairs dominate over pp-SRC pairs in all measured nuclei.
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Neutrino experiments are becoming more and more 
sensitive to the complexity of nuclear dynamics. 
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Comparing different many-body methods

8

• e -3H: inclusive cross section

• Comparisons among QMC, SF, and STA approaches: first step to precisely quantify the 
uncertainties inherent to the factorization of the final state. 

• Gauge the role of relativistic effects in the energy region relevant for neutrino experiments. 

14

FIG. 5: Inclusive double-di↵erential cross sections for electron scattering on 3H.

L. Andreoli, J. Carlson, A. Lovato, S. Pastore, NR, 
arXiv::2108.10824 
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Extended Factorization Scheme

9

• Two-body currents are included rewriting the hadronic final state as 

|fi ! |pp0ia ⌦ |fA�2i

Relativistic two-body currents

Wµ⌫
2b (q,!) /

Z
dE

d3k

(2⇡)3
d3k0

(2⇡)3
d3p

(2⇡)3
Ph(k,k

0, E)2
X

ij

hk k0|jµij
†|p p0ia

⇥ hp p0|j⌫ij |k k0i�(! � E + 2mN � e(p)� e(p0)) .

The hadronic tensor for two-body current processes reads

�

⇡
⇡

�✐ NR et al, Phys.Rev. C99 (2019) no.2, 025502 

✐ NR et al, Phys. Rev. Lett. 116, 192501 (2016) 
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Extended Factorization Scheme

10

• Production of real π in the final state

|fi ! |p⇡pi ⌦ |fA�1i

Wµ⌫
1b1⇡(q,!) /

Z
d3k

(2⇡)3
dEPh(k, E)

d3p⇡
(2⇡)3

X

i

hk|jµi
†|p⇡pihp⇡p|j⌫i |ki

⇥ �(! � E +mN � e(p)� e⇡(p⇡))

Pion production elementary amplitudes derived within the extremely sophisticated Dynamic Couple 
Chanel approach; includes meson baryon channel and nucleon resonances up to W=2 GeV


The hadronic tensor for two-body current processes reads

✐ S.X.Nakamura et al, PRD 92, 074024 (2015)

✐ H. Kamano et al, PRC 88, 035209 (2013)

✐ NR, et al, PRC100 (2019) no.4, 045503 

• The diagrams considered resonant and non resonant π production

+

�

⇡ ⇡
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Spectral function formalism: unified framework able 
to describe the different reaction mechanisms 
retaining an accurate treatment of nuclear dynamics

• Work on implementing the spectral function 
model in event generators is currently ongoing
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Rocco Ab initio calculations of lepton-nucleus scattering

Figure 8. Left panel: Inclusive 12C(e,e’) cross sections at 620 MeV and 36� scattering angle. The red and
blue curves correspond to the CBF and SCGF SF calculations, respectively. The dashed lines correspond
to the IA calculation in which the outgoing nucleon is free while in the solid ones FSI corrections have
been taken into account. Right panel: inclusive Ar(e,e’) cross section at 2.2 GeV and 15.5� scattering angle.
The solid (dashed) line shows the quasielastic cross section without (with) the inclusion of FSI obtained
utilizing the SCGF spectral function calculations. Experimental data are taken from Ref. [100, 101] and
show both the quasielastic peak and the contribution from meson production at larger missing energies.

range ~⌦ = 14 � 20 MeV–which from the analysis of Ref. [98] turns out to be the optimal one for the
convergence of radii and energies– and taking the differences between the results. The authors of Ref. [97]
interpreted this band as a conservative estimate for the theoretical errors due to model space convergence.
The right panel of Fig. 7 displays the computed hole (particle) P h(p)

s (p, E) spectral function for neutron
removal (addition) from 40Ar.

The dominant peaks at small values of E carry information on the momentum distribution of nucleons
occupying the valence ‘orbits’ near the Fermi surface, in analogy with P h

MF
(k, E) introduced in the

discussion of the CBF results. In the high momentum and removal energy region, which is typically
associated with short range correlation physics, the SCGF spectral function presents a mild tail (not
shown in Fig. 7). In this regards, it has to be noted that the CBF spectral function relies on the semi-
phenomenological AV18 Hamiltonian, which naturally encompass short-range correlations. On the other
hand, the NNLOsat interaction is a relatively soft interaction, with a cutoff of 450⇠MeV which still
predicts the presence of larger momentum components but are clearly weaker than the ones obtained using
AV18 [99].

5.2 Results

In this Section we present different scattering results obtained using the CBF and SCGF spectral function.
In the left panel of Fig. 8 we gauge the differences between the two spectral functions comparing with
the double-differential cross section of electron-12C scattering for Ee = 620 MeV and ✓e = 36

�. In the
theoretical results we focused on the quasielastic region, only including the one-body current operator of
Eq. (17). The dashed and solid curve correspond to the CBF and SCGF SFs, the blue and red lines have
been obtained with and without including FSI effects. Calculations carried out employing the two different
many-body approaches are in remarkably good agreement, although they are obtained from different,
albeit realistic, input hamiltonians. FSI effects have been introduced following the procedure discussed in
Eq. (60). The overall effect is a shift in the position of the quasielastic peak to the left and a redistribution of
the strength which leads to a correct reproduction of the experimental data. The right panel of Fig. 8 shows
the inclusive electron scattering on 40Ar at the energy and kinematics of the E12-14-012 JLab experiment
compared with the SCGF results with and without FSI displayed by the dot-dashed blue and solid red

Frontiers 23

Using electron scattering data to 
validate our predictions for 40Ar

Cross sections: Spectral function approach 

NR, Frontiers in Phys. 8 (2020) 116 

• Good agreement with electron scattering 
data when all reaction mechanisms are 
included
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Deuteron electromagnetic structure function 
F2 predictions for the DIS region. Convolution 
of the spectral function+nucleon pdf 
MMHT2014 at LO

Inclusion of 2-pion production

Cross sections: Spectral function approach 

preliminary

In preparation T. Sato, H. T-S Lee, O. Benhar, 
A. Lovato, N. Rocco

S. English, H. Haider, J. Isaacson, N. Rocco in 
preparation 


Difficulties transition between RES-DIS
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Double Bang events from New Physics at DUNE

13

• The number of DB events can be written as:

• New physics models allows for neutrinos to up-scatter into heavier neutrino states N

v N
First bang:  neutrino-nucleus interaction, production 
of heavy neutrino

Second bang:  decay of heavy neutrino after 
propagating for some distance

I. Martinez-Soler, NR, et al, arXiv:2105.09357

NDB =

Z
dE⌫dc✓B

d�⌫

dE⌫dc✓

d�⌫N

dE⌫
Pd(L)V (L, c✓)

•  neutrino fluxd�⌫

•  probability of N decaying after traveling a distance LPd(L) = e�L/Llab/Llab

•  branching ratio into visible final statesB

•  differential cross sectiond�⌫N/dE⌫
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Double Bang events from New Physics at DUNE

14
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FIG. 6: Expected sensitivity to the transition magnetic moment ⌫µ�N from DBs signals in the DUNE LAr

near detector. The CHARM-II and NOMAD bounds are reproduced from Ref. [16].

for both scenarios within the spectral function formalism, and a proper treatment of the kinematic

effects due to the nonzero HNL mass.

We have shown that an analysis of current Super-K data may be able to set new and competitive

bounds, especially in the HNL mass range 0.3-1 GeV for the mixing scenario. We have also found

that DUNE will be able to extend this bound by roughly half an order of magnitude using the

DUNE beam flux. This is contrast with the atmospheric neutrinos which do not extend the bounds

in the allowed mass range. We have also examined the bounds on active-heavy transition magnetic

moments and find that Super-K may be able to considerably improve over the DONUT bounds on

tau-flavored transition moments.

Our analysis may be improved on several fronts. First, we are only including QE and DIS

events in our signal rates, and the inclusion of resonant scattering processes will only improve the

sensitivity further. Second, a detailed analysis of the backgrounds for LAr TPC detectors may

reveal additional handles which could be used to reduce the minimum separation between the two

events while keeping a good signal-to-background ratio. Finally, a third possibility could be to

go beyond the QE and DIS contributions considered here for the magnetic moment scenario and

also include the coherent contributions to ⌫ ! N up-scattering, where the interaction takes place

with the whole nucleus. Although this would considerably enhance the signal rate [17, 20, 21], it

16

• Production via magnetic moment 

• Comparing different cross section 
models

• Expected sensitivity to the transition magnetic moment 
νμ − N from DBs signals in the DUNE LAr near detector 

Nv v

ɣ

ɣ

n n

• Iso-contours: region of parameter space where more 
than one DB event is expected. The shaded regions are 
disfavored by previous experiments. 
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A Quantum Monte Carlo based cascade
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5

FIG. 4: Proton-proton (top panel) and proton-neutron
(bottom panel) correlation functions in carbon from
Green’s function Monte Carlo (red) and mean field

(blue) configurations.

the magnitude of the three-momentum is randomly sam-
pled in the interval [0, kN

F (r)] where kN
F (r) is the Fermi

Momentum defined in terms of the single nucleon den-
sity kN

F (r) = (⇢N (r)3⇡3)1/3 and N = p, n. In the case
of the global Fermi gas, the momentum is determined in
the same way, but kN

F is position independent. The lo-
cal Fermi gas model is known to provide a more realistic
nucleon momentum distribution for finite nuclei than the
global Fermi gas. For this reason, although both mod-
els are implemented in our code, we only present results
based on the local Fermi gas predictions. In the future,
we plan to include more accurate nucleon momentum dis-
tribution, based on state-of-the-art many-body calcula-
tions that properly account for nuclear correlations.

C. Nucleon-nucleon interaction algorithm

To check if an interaction between nucleons occurs,
an accept-reject test is performed on the closest nu-
cleon according to a probability distribution P (b) (see
e.g. Ref. [62] for similar considerations) where b is the
impact parameter. We impose two conditions on this
probability,

P (0) = 1 and

Z 2⇡

0

Z 1

0
d' bdbP (b) = �, (6)

where the cross section � depends on the incoming parti-
cle content and the center-of-mass energy, which is sam-
pled from the nuclear configuration. The second condi-
tion ensures that the mean free path of a nucleon trav-
eling in a medium of uniform density is �mfp = 1/�⇢̄,
where ⇢̄ is the number density.
Two implementations of P (b) have been studied here.

The first we dub the cylinder interaction probability,

Pcyl(b) = ⇥(�/⇡ � b2), (7)

where ⇥(x) = 1 if x � 0, else ⇥(x) = 0. This probability
mimics a more classical, billiard ball like system, where
each billiard ball has a radius ⇡

p
�/⇡. The second

implementation is the Gaussian interaction probability

PGau(b) ⌘ exp

✓
�⇡b2

�

◆
, (8)

which is inspired by the work of Ref. [62]. Both
Pcyl and PGau satisfy the conditions in Eq. (6). We
use the nucleon-nucleon cross sections from the SAID
database [63] obtained using GEANT4 [64], or from the
NASA parametrization [65].

D. Phase space, Pauli blocking and
after-interaction

If an interaction occurred, the phase space of the
outgoing particles is generated using fully di↵erential
nucleon-nucleon cross sections. Note that, at the mo-
ment, we only include protons and neutrons in our INC
model. Pauli blocking enforces Fermi-Dirac statistics for
the nucleons and amounts to testing whether their final-
state momenta are above the Fermi momentum. Two dif-
ferent models of the Pauli exclusion principle have been
approximately implemented. The global and local Pauli
blocking routines essentially forbid a scattering if the mo-
mentum of any of the final state particles is below the av-
erage Fermi momentum (for the global Fermi gas model)
or the local Fermi momentum (for the local Fermi gas
model), respectively. We emphasize again that, although
we have implemented the global Fermi gas model, we do
not report any results using it.
If the interaction took place, the outgoing particles are

both treated as propagating particles, and a formation

9

FIG. 7: Carbon transparency as a function of the
proton kinetic energy. The di↵erent curves indicate
di↵erent approaches used as described in Fig. 6. The
experimental data are taken from Refs. [4, 6, 7, 74–76]

energy and scattering angle of the electron, one can un-
ambiguously define the momentum q transferred to the
target nucleus. The direction and the momentum of the
nucleon in the final state has to be determined apply-
ing energy- and momentum-conservation relations and
accounting for the Fermi motion of the struck nucleon in
the initial state. It follows that defining the kinematics of
the hadronic final state after the hard scattering depends
on the nuclear model of choice. However, in the analysis
of di↵erent experiments, the data are given as a function
of the average nucleon momentum (and kinetic energy)
given by p = q (Tp =

p
|q|2 + m2

N � mN ).
In Fig. 7 we compare the nuclear transparency data

from Refs. [4, 74] to our predictions. The di↵erent lines
are the same as for Fig. 6. We find an overall satis-
factory agreement between the Gaussian and cylinder
curves with the experimental data once inelastic e↵ects
are taken into consideration; this corresponds to the re-
sults using the NASA parametrization for the nucleon-
nucleon cross sections. For moderate to large values of
the proton kinetic energy, pions play an important role
in quenching the transparency. Moreover, the Gaussian
and cylinder curves exhibit correct behavior consistent
with the data also for small Tp where the simplified MFP
model described above fails. As in Fig. 6, we observe
very small di↵erences between the QMC and MF calcu-
lations. For low and intermediate kinetic energies, the
transparency obtained from the MFP approach is much
smaller than the corresponding results for the cylinder
and Gaussian curves.

Finally, we discuss the origin of the discrepancies be-
tween the MFP and the cylinder algorithm with MF
configurations for the p-carbon cross section and carbon
transparency. Both approaches rely on the single-nucleon
density distribution to sample the initial nucleon posi-

p
�/⇡

d`

r1
p

�/⇡

d`
x
r1

FIG. 8: Left panel: a schematic picture of an external
proton scattering o↵ the nucleus. The distance from the

proton to the center of the nucleus is r1, and the
propagation step is d`. The radius of the cylinder is

given by
p

�/⇡ where � is the interaction cross section
between the proton and a background particle; d` is

also the height of the cylinder. Right panel: same as for
the left one, but for a nucleon kicked inside the nucleus.
This follows what is done in the nuclear transparency

event simulations.

tions (nuclear correlations are neglected) but use di↵er-
ent definitions of the interaction probability. The left
panel of Fig. 8 schematically shows one contribution to
the p-carbon cross section in which the proton is at a dis-
tance r1 larger than the nuclear radius. In the cylinder
algorithm, the interaction probability is equal to one if a
particle is present in the volume defined by: V = d` · �.
Both �pp and �np have a maximum for low proton mo-
mentum values. Hence, for low momenta, the probability
of interaction could be non-vanishing even when the pro-
jectile proton is far from the center of the nucleus.
On the other hand, within the MFP approach, if the
probe is outside the nucleus then the approximation of a
constant density ⇢(r1) = 0 within the volume V = d` · �
yields a vanishing interaction probability. This di↵erent
behaviour leads to a lower p-carbon cross section using
the MFP approach, as observed in Fig. 6. When com-
puting the nuclear transparency we kick a nucleon which
is located inside the nucleus as displayed in the right
panel of Fig. 8. In this case, assuming a constant density
is more likely to overestimate the interaction probabil-
ity, especially for low momenta where the cross section is
larger. This observation is consistent with Fig. 7 where
the MFP curves predict a larger number of interactions,
and therefore a lower nuclear transparency, for small Tp.

D. Correlation e↵ects

The role played by nuclear correlations in final state in-
teractions of the recoiling nucleon has been investigated
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are the same as for Fig. 6. We find an overall satis-
factory agreement between the Gaussian and cylinder
curves with the experimental data once inelastic e↵ects
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nucleon cross sections. For moderate to large values of
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model described above fails. As in Fig. 6, we observe
very small di↵erences between the QMC and MF calcu-
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This follows what is done in the nuclear transparency

event simulations.

tions (nuclear correlations are neglected) but use di↵er-
ent definitions of the interaction probability. The left
panel of Fig. 8 schematically shows one contribution to
the p-carbon cross section in which the proton is at a dis-
tance r1 larger than the nuclear radius. In the cylinder
algorithm, the interaction probability is equal to one if a
particle is present in the volume defined by: V = d` · �.
Both �pp and �np have a maximum for low proton mo-
mentum values. Hence, for low momenta, the probability
of interaction could be non-vanishing even when the pro-
jectile proton is far from the center of the nucleus.
On the other hand, within the MFP approach, if the
probe is outside the nucleus then the approximation of a
constant density ⇢(r1) = 0 within the volume V = d` · �
yields a vanishing interaction probability. This di↵erent
behaviour leads to a lower p-carbon cross section using
the MFP approach, as observed in Fig. 6. When com-
puting the nuclear transparency we kick a nucleon which
is located inside the nucleus as displayed in the right
panel of Fig. 8. In this case, assuming a constant density
is more likely to overestimate the interaction probabil-
ity, especially for low momenta where the cross section is
larger. This observation is consistent with Fig. 7 where
the MFP curves predict a larger number of interactions,
and therefore a lower nuclear transparency, for small Tp.

D. Correlation e↵ects

The role played by nuclear correlations in final state in-
teractions of the recoiling nucleon has been investigated

• We computed different observables: p-12C cross 
section, 12C transparency and obtained a fair 
agreement with data

The nucleons’ positions are sampled from 
36000 GFMC configurations.

We investigated the role of nuclear effects in 
intra-nuclear cascade

J.Isaacson, W Jay, A. Lovato, P Machado, NR, 
Phys. Rev. C 103, 015502 (2021)

Check interaction: accept-reject test with a cylinder probability distribution.

• Extend the model to include pion degrees of 
freedom and compare with exclusive observables. 
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• A comprehensive estimate of the theoretical uncertainty: can be achieved in QMC calculations. 
Work in this direction has been done for the energy spectra of light nuclei.

• Comparisons among different approaches is important to precisely quantify the uncertainties 
inherent to the factorization of the final state and relevance of relativistic effects

• Spectral function formalism allows for a consistent description of the different reaction 
mechanisms including short range correlation effects. Ongoing work to extend this approach to 
the DIS region

• We developed a semi-classical intra-nuclear cascade were nuclear effects are included. Using 
a cylinder probability distribution we correctly reproduce nuclear transparency.

• Next steps: include π degrees of freedom: π production, absorption and elastic scattering as 
well as in medium corrections
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Thank you for your attention!
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