
The Hadron Cascade
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Figure 1: Experimental efforts in the worldwide quest for the understanding of neutrino-oscillations and
neutrino-nucleus scattering, current: T2K, NOvA, MINERvA, MicroBooNE and future: Hyper-K, DUNE.
(Bottom left) produced neutrino flux predictions; (bottom center) flux-averaged probability of non-oscillation
as a function of the propagation distance; (bottom right) total charged current neutrino-nucleon cross section,
where "QEL" denotes quasielastic scattering, "RES"—single-pion production, and "DIS"—community slang
for both shallow- and deep-inelastic scattering.

P(νµ → νe) ≃ sin2(2θ) sin2
(
1.27∆m2L

Eν

)

oscillation amplitude frequency

ACP =
P(νµ→νe)−P(ν̄µ→ν̄e)
P(νµ→νe)+P(ν̄µ→ν̄e)

asymmetry oscillation ratio

Kajetan Niewczas ECT* Workshop October 23th 2024 2 / 41



νµ

µ

n

p

νµ

µ

n

p

Kinematical energy reconstruction

Erec
ν =

2MNEµ−mµ
2+M2

N′−M2
N

2(MN−Eµ+pµ cosθ)

Calorimetric energy reconstruction

Erec
ν = Eµ − EB +

∑
nucl. Ti

+
∑

mes. Ej

Kajetan Niewczas ECT* Workshop October 23th 2024 3 / 41



Nuclear responseNuclear response
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Kajetan Niewczas NuWro MC event generator 08.03.2020 3 / 20
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Modeling approximations

CRPA

DWIA

PWIA

Generators

| M |
2 ∝

∣∣⟨ ΨA | iT̂ | X ⟩
∣∣2

Born approximation (IA)

≈
∣∣∣∣∣
∑
α

⟨ ΨA | iT̂ | Ψα ⟩⟨ Ψα | X ⟩
∣∣∣∣∣

2

+ intermediate hadronic state

≈
∑
α

∣∣⟨ ΨA | iT̂ | Ψα ⟩
∣∣2 |⟨ Ψα | X ⟩|2

+ time separation of FSI (MC factorization)

≈
∑
α,h,p

∣∣∣⟨ ψh | Ô1b | ψp ⟩⟨ ΨA | â†hâp | Ψα ⟩
∣∣∣
2

|⟨ Ψα | X ⟩|2

+ one-body nuclear currents

≈
∑
h,p

∣∣⟨ ψh | Ô1b | ψp ⟩
∣∣2
∣∣∣⟨ ΨA | â†h | ΨA−1 ⟩

∣∣∣
2

|⟨ ΨA−1, ψp | X ⟩|2

+ cross section factorization (PWIA)

≈
∑
h,p

σhp Sh(E, p) P(p|X)

+ intranuclear cascade KN, MSc
A. Nikolakopoulos et al., arXiv:2406.09244
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Monte Carlo event generators

→ Cross sections are evaluated in a factorized scheme
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Intranuclear cascade

◦ Propagates particles through the nuclear medium

◦ Probability of passing a distance λ:

P(λ) = e−λ/λ̃

where λ̃ ≡ (ρσ)−1 and
ρ - local density
σ - cross section

→ Implemented for nucleons, pions and kaons

T. Golan, C. Juszczak, J.T. Sobczyk,
Phys.Rev. C 86 (2012) 015505

νμ

p
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n
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T. Golan
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What can we rely on?

N-N potential lepton-N: vector lepton-N: axial

nuclear model

hadron propagation lepton-A dynamics

event generators

NN

A

NAπA

eA

eN νN

eA

eA

νA ? ? ?
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Final-state interactions in a many-body nuclear problem
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Hadron propagation

Nucleon-Nucleus (NA) dynamics problem

◦ can be constrained by hadron scattering

◦ the nucleon should only propagate outwards

→ e.g., optical potential, etc.

Built from Nucleon-Nucleon (NN) dynamics

◦ well-constrained nucleon-nucleon potential

◦ common practice across many-body nuclear problems

→ e.g., ab initio, HF, etc.

Eur. Phys. J. C (2019) 79 :293 Page 5 of 23 293

Fig. 4 2p2h process: Electron scattering from an off-shell bound pro-
ton of momentum pi = k from two nucleon short range correlations
(quasi-deuteron). There is an on-shell spectator (A-2) * nucleus and
an on-shell spectator recoil neutron with momentum −k. The off-
shell energy of the interacting bound proton is EP

i (src) = MD −√
MN + k2 − SP+N

e-A scattering data. For all other nuclei, our values are con-
sistent with the values extracted by Moniz et al.

2.3 Separation energy

The separation energy for a proton (SP ) or neutron SN is
defined as follows:

MA = MA−1 + MN ,P − SN ,P (5)

The energy to separate both a proton and neutron (SP+N ) is
defined as follows:

MA = MA−2 + MP + MN − SN+P (6)

The proton and neutron separation energies SP and SN are
available in nuclear data tables. The values of SP , SN and
SN+P for various nuclei [30,31] are given in Table 1

2.4 Two nucleon correlations

Figure 4 illustrates the 2p2h process originating from both
long range and short range two nucleon correlations (src).
Here the scattering is from an off-shell bound proton of
momentum pi = k. The momentum of the initial state off-
shell interacting nucleon is balanced by a single on-shell
correlated recoil neutron which has momentum −k. The
[A−2]∗ spectator nucleus is left with two holes. Short range
nucleon-proton correlations occur ≈ 20% of the time [32].
The off-shell energy of the interacting bound proton in a
quasi-deuteron is (EP

i )src = MD −
√
MN + k2 − SP+N ,

where MD is the mass of the deuteron. For QE scattering
there is an additional 2p2h transverse cross section from
“Meson Exchange Currents” (mec) and “Isobar Excitation”
(ie).

In this paper we only focus on the extraction of the average
removal energy parameters for 1p1h processes. Processes
leading to 2p2h final states (src, mec and ie) result in larger
missing energy and should be modeled separately.

Table 2 Summary of the relationships between excitation energy EP,N
x

(used in genie), separation energy SP,N , missing (missing) energy
EP,N
m (used in spectral function measurements), removal energy ϵP,N

(used in the reconstruction of neutrino energy from muon kinematics

only), the Smith-Moniz removal energy ϵ′P,N
SM (that should be used in

old- neut) and the parameters x and xν,ν̄(q3 + k)2) which we use
to include the effects of FSI in electron and neutrino/antineutrino scat-
tering. For QE neutrino scattering on bound neutrons |V P

ef f | = |Vef f |

Symbol

EP,N
x Spectator Nucleus Excitation Used in spectral functions implemented in genie [1,2]

SP,N

= MA−1 + MP,N − MA
Separation Energy Nuclear Data Tables (measured) [30,31]

EP,N
m = SP,N + EP,N

x Missing energy used in spectral functions

ϵP,N = EP,N
m + TA−1

TA−1 =
=

√
k2 + M2

A−1 − MA−1

≈ k2

2MA−1

Removal energy is ϵP,N Ei = M − ϵP,N used in EQE−µ
ν , Q2

QE−µ, and
Q2

QE−P , also used in effective spectral functions [28]

ϵ
′(P,N )
SM = ϵP,N + T P,N

av

T =
√
k2 + M2 − M

⟨k2⟩ = 0.6k2
F

ϵ
′(P,N )
SM is Smith Moniz [20] Interaction energy Ei = M + T − ϵ

′(P,N )
SM used in old- neut [4]

xν = ϵN − |UFSI |
+|V P

ef f |
x ν̄ = ϵP − |UFSI |

We use xν,ν̄ to include the effects of FSI. UFSI = UFSI ((q3 + k)2)

123

A. Bodek, T. Cai, ERJ C (2019) 79
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Mean-field nuclear picture

V(r12) [MeV]

r12 [fm]
1 2

ρ, σ,
ω, 2π

π

−100

→

U(r) [MeV]

r [fm]

1 2 3 4 5

−50

→ let’s try to use a realistic nucleon-nucleon potential to derive the central nuclear potential
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The iterative Hartree-Fock method
→ start with an initial guess for the average field or the wave functions

→ using the nucleon-nucleon potential V(r, r′) solve the equation

−
 h2

2m
∇2ϕi(r) +UH(r)ϕi(r) −

∫
UF(r, r′)ϕi(r′)dr′ = ϵiϕi(r)

→ determine new values of UH(r), UF(r, r′), ϕi(r), ϵi

UH(r') = L J CPb(r)V(r,r')CPb(r)dr. 
bEF 

(3.38) 

We denote by U H(r'), the Hartree tenn neglecting exchange effects, and this tenn 
is used in the case of atoms. Within the atomic nucleus, U H(r') is the direct tenn 
of the potential affecting the nucleon motion in the nucleus. The more correct, 
single-particle SchrOdinger equation for the orbital cp;(r) now becomes 

-;2 L1cp;(r) + L J CPb(r')V(r, r')CPb(r')dr' . cp;(r) 
m bEF 

- L J CPb(r')V(r, r')CPb(r )cp;(r') dr' = CiCP;(r) . 
bEF 

(3.39) 

The second contribution on the left hand side takes into account the antisymmetry 
for two identical nucleons, one moving in the orbital CPb(r'), the other in the 
orbital CPi(r). The product wave function CPb(r')cp;(r) has to be replaced by 
CPb(r')CPi(r) - CPb(r )cp;(r'). 

The above Hartree-Fock equations [since for every CPi(r) an analogous dif-
ferential equation is obtained, all coupling via the potential tenns] can be written 
in shorthand fonn as 

;,,2 J' , , - 2m L1cp;(r) + U H(r )CPi(r) - U F(r, r )CPi(r ) dr = c;CPi(r) , 

with 

U H(r) = L J CPb(r)V(r, r')CPb(r') dr' , 
bEF 

U F(r, r') = L CPb(r')V(r, r')CPb(r) . 
bEF 

(3.40) 

(3.41) 

The iterative Hartree-Fock method now starts from an initial guess of the average 
field, or of the wave functions, starting from the knowledge of V(r, r') to solve 
the coupled equations (3.40) in order to detennine a better value for UH(r) and 
UF(r,r'), the cp;(r) and Ci. One can thus proceed in this way until convergence 
in the above quantities results. Schematically, one has 

(0) U H(F)(r) (1) 
UH(F)(r) 

(2) 
U H(F)(r) 

t /' t /' t /' 
) ) (3.42) 

/0) 
• 

/1) 
• 

/2) 
• 

At the end, a final field UH(r), wave function CPi(r), single-particle energy Ci is 
obtained. It is now possible to prove that with the wave functions so obtained, 
by calculating the energy expectation value 

71 

→ at convergence: the final field UH(r), wave function ϕi(r), and single-particle energy ϵi
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Nucleons in the mean-field potential

W. H. Dickhoff, D. Van Neck, Many-body Theory Exposed! (2005)

→ nucleon lines are dressed according to the Hartree-Fock procedure
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Charge densities from the mean-field framework

Pc 
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Fig.3.17. (a) Charge densities for the magic nuclei 160. 4Oea, 48Ca. 9OZr• 132Sn and 208Pb. The 
theoretical curves correspond to the effective interactions Sk:E2 and SkE4. respectively (see Chap. 8 
for a detailed discussion on the extended Skynne forces) and are compared with the data. The units 
for f}c are efm-3• with the radius r in fm. (b) Combined nuclear matter densities f}m (fm-3) for 
the above set of doubly-closed shell nuclei. Nuclear matter density f} F (nuclear matter) is given as 
a "measure" for comparison 

73 

K. Heyde, The Nuclear Shell Model (1990)
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Relativistic mean-field

All of this can be also done in a relativistic framework:

◦ Schrödinger equation → Dirac equation,

◦ Wave functions → Dirac spinors,

◦ Spin-orbit term comes for free!

(
Ẽγ0 − p⃗ · γ⃗− M̃

)
ψ = 0

Ẽ = E− V(r)

M̃ =M− S(r)

3

nucleon wave function. Results for electron and
neutrino QE and SPP cross sections are shown and
analyzed in Sect. III. Our conclusions are presented
in Sect. IV.

II. MODELS

We describe QE scattering cross section as:

d5σ

dEfdΩfdΩN
= F pNENkf εf

(2π)5frec
lµνhµν

QE , (1)

with frec =
∣∣∣1 + EN

p2
N EA−1

pN · (pN − q)
∣∣∣. The

factor F and the leptonic tensor lµν , which
depend on the type of interaction (electromagnetic,
charged current, or weak neutral current), were
defined in [30].

For the SPP process, represented in Fig. 1, we
work with the cross section [28]: 1

d8σ

dεfdΩfdEπdΩπdΩN
=F kfεfpNENEπkπ

(2π)8frec

×lµνhµν
SPP (2)

with frec =
∣∣∣1 + EN

EA−1

(
1 + pN ·(kπ−q)

p2
N

)∣∣∣.
More inclusive results, e.g. (e, e′) cross sections,

are obtained by summing in Eqs.1 and 2 over all
occupied shells and integrating over the variables
of the undetected particles.

The hadronic tensor for the scattering off a
nucleon from a given shell is given by

hµν
X =

1

2j + 1

∑

mj,sN

(Jµ
X)†Jν

X , (3)

where X denotes the type of process (QE or
SPP), j the total angular momentum of the bound
nucleon, mj its third component, and sN the
spin projection of the outgoing nucleon. We
average over initial bound states for a given shell
( 1
2j+1

∑
mj

) and sum over final states (
∑

sN
).

1 In Eqs. 1 and 2, the degree of freedom linked to the
excitation energy of the residual system has already been
integrated out. In our shell model, the missing energy
Em, defined as the part of the energy transferred ω that
transforms into internal energy of the residual system,
is a constant value for each shell. This produces an
energy conservation Dirac delta that can be trivially
integrated. We have checked that the replacement of this
delta function by a distribution does not introduce any
significant effect in the inclusive cross sections studied
here.

In coordinate space, the hadronic current Jµ
X

reads

Jµ
X = C

∫

V

dr Ψ
sN

(r,pN ) Oµ
X eiq·rψmj

κ (r) , (4)

with V the nuclear volume and C the coupling con-
stant of the hadronic vertex, defined in Ref. [30].
All along this work, the bound state wave function
ψ

mj
κ (r) is always computed in the same way, i.e.,

within the RMF model [21, 24]. This accounts for
Fermi motion and binding energy in a consistent
way. ΨsN (r,pN ) is the wave function of the outgo-
ing nucleon which has asymptotic momentum pN

and spin projection sN . In Fig. 2 we represent the
vector and scalar RMF potentials used in our cal-
culations. Notice that the Coulomb potential that
affects the nucleons is included in our calculations
but not in the figure.
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FIG. 2: RMF vector and scalar potentials as a
function of the position r in the 12C nucleus.

The transition between the initial and the final
state is given by the relativistic operator Oµ

X . For
QE scattering we use the usual CC2 operator (see
e.g. Ref. [31]). For SPP we use the operator
described in [30], that contains the delta, D13, S11
and P11 resonances, and background terms (first-
order contributions of the χPT Lagrangian for
the pion-nucleon system [32]). At large invariant
mass (W ), the background terms are replaced by a
Regge inspired operator that provides the correct
W behavior of the amplitude [30].

The goal of this work is to illustrate how the
interaction between the outgoing nucleon and the
residual nucleus affects the predicted QE and
SPP cross sections. For that, we present results
from several approaches corresponding to different
treatments of the final state nucleon ΨsN (r,pN ).
These are described in what follows.

A. RPWIA model

The outgoing nucleon is a relativistic plane wave.
A well-known problem of this model, when the
initial nucleus is described by any realistic nuclear
model beyond the free Fermi gas, is that in this
approach the orthogonality between initial and

Kajetan Niewczas ECT* Workshop October 23th 2024 16 / 41



Final-state interactions
◦ RPWIA:

→ plane-wave outgoing
nucleon

◦ RDWIA:

→ optical potential from NA

◦ RMSGA:

→ Glauber approximation
from NN

(notice the low energy behavior)

→ for more results see the
talks by Raúl or Juanma!
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FIG. 4: Neutral current 12C(ν, ν ′) (left panels) and 56Fe(ν, ν ′) (right panels) cross sections as a

function of TN at different incoming neutrino energies. The solid lines represent the RPWIA

predictions of the Madrid group, in agreement with those of the Ghent one. The dashed (dot-

dashed) lines implement the effect of FSI within the RMSGA (RDWIA) framework.

to probe equal amounts of bulk and surface parts of the target nucleus.

Several investigations of the nuclear transparency have been carried out using the A(e, e′p)

reaction in the QE regime (i.e. the Bjorken variable x = Q2/(2MNω) ≈ 1), and data for

different nuclei are now available. The nuclear transparency is extracted from the ratio of the

measured A(e, e′p) yield to the calculated one using the plane-wave impulse approximation,

according to

Texp(Q
2) =

∫
V

d3pmdEmYexp(Em, p⃗m, k⃗f)

c(A)
∫

V
d3pmdEmYPWIA(Em, p⃗m)

. (52)

The quantity V specifies the experimental phase-space in missing momentum (pm) and en-

20

M.C. Martinez et al., Phys.Rev. C 73 (2006) 024607
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Modeling the fate of hadrons in final-state interactions
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Classical particle propagating through a medium

Probability for a particle to propagate over a distance xwith no interactions is

P(x) =
1

λ
exp(−x/λ)

where λ = (ρσ)−1 is the mean free path, while ρ is target density and σ is interaction cross section

We can try to apply it to nucleons in nuclei because:

λ̃≪ d < λ < R

where λ̃ is the de Broglie wavelength, d is the distance between targets, and R is the nuclear radius

N. Metropolis et al., Phys.Rev. 188 (1958) 185, Phys.Rev. 188 (1958) 204
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Application to nuclei (space-like approach)
◦ Pick a random starting point in the nucleus

◦ Propagate the nucleon in discrete steps, e.g., ∆x = 0.2 fm

◦ At every step, we sample x from P(x) = λ−1 exp(−x/λ)

→ If x < ∆x, then the nucleon-nucleon interaction happens

◦ The probability that the nucleon leaves the nucleus with
no re-interactions is called transparency

→ Our procedure solves an integral

T =

∫2R
0

fR(z)e
−z/λ dz

where fR(z) is the distribution of the starting points

ẑ

ŷ

x̂

R

(x, y, z) (x, y, z′)
L
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Nuclear transparency
◦ For fixed density (uniform ball), the solution is given analytically

T = 3e−A

(
1

A2
+
1

A3

)
+ 3

(
1

2A
−
1

A3

)

where A = 2R/λ = 2Rρσ

→ e.g., for ρ = 0.16 fm−3, σ = 40mb, and R = 6 fm, we get T ≃ 0.189
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Time-like approach

◦ tracking all particles

◦ evolution over dt

◦ calculating collision
probability in a
(dt,d3x) box

Standard INCL cascade

Rmax=
R0+

8a+
rint

radius and di↵usiness of the

target nucleus density

working sphere

spectator: E < Ef + Et + 2
3
EC

participant

ejectile

Emission threshold
and Coulomb barrier⇤

⇤only for protons

total NN X-sec at the

incident energy per

nucleon

rint =
�
�tot

NN/⇡
�1/2

E � Ef � Sphys
i >0

Separation energy, taken from mass

tables, for the emission from the actual

nucleus

Anna Ershova · NuInt 2024 · April 15, 2024 22 / 18
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Cascade models
algorithm nuclear model cross sections potential

GENIE hA space-like LFG SAID -

GENIE hN space-like LFG data + ? -

NEUT space-like LFG data + ? -

NuWro space-like LFG data + in-medium -

Achilles time-like ab initio data -

INCL time-like HF data + ? constant

GiBUU time-like RMF and HF (LFG) off-shell RMF and HF

→ see the talk by Patrick for an overview of MC generators’ efforts!
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Highlights: GENIEModelling: New external FSI models
• In addition to the INTRANUKE models

▪ hA : effective model based on empirical data
▪ hN : full intranuclear cascade

• Now have external dependencies for Liège 
(INCL++) and Bertini cascade (via G4)
▪ Contributions by D. Wright and M. Asai
▪ INCL++: almost parameter-free quasi-classical 

treatment of particle fates
▪ Bertini: G4 re-engineering of INUCL code. Various models 

for fast and slow phases of collisions in nucleus
▪ New feature: de-excitation photons!

• Significant differences between models in 
nucleon multiplicity + kinetic energy
▪ New model uncertainties to consider
▪ New tuning opportunity

9

2 GeV 𝜈𝜇 +  40Ar

John Plows - GENIE status and developments

Modelling: New external FSI models
• In addition to the INTRANUKE models

▪ hA : effective model based on empirical data
▪ hN : full intranuclear cascade

• Now have external dependencies for Liège 
(INCL++) and Bertini cascade (via G4)
▪ Contributions by D. Wright and M. Asai
▪ INCL++: almost parameter-free quasi-classical 

treatment of particle fates
▪ Bertini: G4 re-engineering of INUCL code. Various models 

for fast and slow phases of collisions in nucleus
▪ New feature: de-excitation photons!

• Significant differences between models in 
nucleon multiplicity + kinetic energy
▪ New model uncertainties to consider
▪ New tuning opportunity

9

2 GeV 𝜈𝜇 +  40Ar

John Plows - GENIE status and developments
J. Plows, NuFACT 2024

→ variety of models available: homegrown hA and hN, INCL++, Bertini (Geant4)
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Highlights: NEUT

L. Pickering    33

● First implementation of a macroscopic model 
based on a Relativistic Mean Field optical models 
into NEUT
○ Jake McKean, Raul González-Jiménez, Minoo Kabirnezhad 

● Potential for new theory-motivated systematic 
uncertainty studies in NEUT.

● Possible consideration of alternative operators for 
different processes.
○ E.g. Kabirnezhad inelastic pion production model operator.

Relativistic Mean Field

Jake McKean

The NEUT Generator: Status and Plans

EDRMF+cascade 
double-counting 
studies

Jake McKean

EDRMF NEUT 
implementation missing 
energy validation

L. Pickering, NuFACT 2024
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Highlights: NuWro
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+ in-medium effects

+ correlations

KN, J. Sobczyk, Phys.Rev. C 100 (2019) 015505
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Highlights: Achilles

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

J. Isaacson et al., Phys.Rev. C 103 (2021) 015502

→ time-like cascade based on ab initio nucleon distributions
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Highlights: INCL
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A. Ershova et al., Phys.Rev. D 106 (2022) 032009

→ softer interactions with higher ingredient complexity, e.g. cluster emission
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Highlights: GiBUU
Nuclear ground state:

◦ density distribution: Woods-Saxon

◦ particle momenta:

f(⃗r, p⃗) = Θ [pF(⃗r) − |⃗p|]

◦ Fermi-momentum:

pF(⃗r) = (3π2ρ(⃗r))1/3

◦ Fermi-energy:

EF =
√
p2F +M

2
N +UMF(⃗r, pF)

Nuclear ground stateNuclear ground state

time evolution

LTF: ‘Local Thomas-Fermi’: oscillating nuclei

RTF: ‘Relativistic Thomas-Fermi’, improvement

RTF

LTF

LTF

RTF

K. Gallmeister, NuSTEC School 2017
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Highlights: GiBUU

Nuclear ground stateNuclear ground state

improvement: ensure constant Fermi-Energy

needs iteration for mom.dep potential

important for QE-peak (Gallmeister, Mosel, Weil, PRC94 (2016) 035502)

non-mom.dep potential, asymmetry-term, Coulomb

K. Gallmeister, NuSTEC School 2017
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Constraining through electron scattering
(and other probes)
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Exclusive electron scatteringData from (e, e0p) experiments

Exclusive QE proton knockout
at fixed kinematics:

• beam: Ee

• electron: Ee0 , ✓e0 , �e0

• proton: Ep, ✓p, �p

With provided: �p
p , �✓, ��

Cuts on "missing" variables:

• energy: Em = ! � Tp � TA�1

• momentum: ~pm = ~pp � ~q

Em < 80 MeV, |~pm| < 300 MeV/c

e

e0

✓e0

p

✓p

�e0 = �p

Transparency:

hT i✓p =
�exp

�PWIA
=

[after FSI]
[total]

�PWIA - expected value without FSI
(model dependent)

Kajetan Niewczas Nuclear Transparency 25.03.2019 8 / 25
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Nuclear transparency

Definition
Nuclear transparency is the average probability for a knocked-out proton to escape the nucleus
without significant reinteraction.

e.g. measured for Carbon: T ≃ 0.60 [D. Abbott et al., PRL 80 (1998), 5072]

∼ 60% without FSI

νµ

µp

∼ 40% with FSI

νµ

µ

p
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Nuclear transparency
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KN, J. Sobczyk, Phys.Rev. C 100 (2019) 015505
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Nuclear transparency
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10

tances are not taken into account (details are discussed
later in this section). No results of the calculations are
shown below 20 MeV because most models are not aimed
at energies that low. It is notable that there is separation
by proton energy in �reac, larger energies (Tp >⇠ 200
MeV) where the reaction cross section calculations tend
to agree with each other and the data together with a
lower energy region where data is less certain and the
calculations diverge as well. For the higher energy re-
gion, the total cross section calculations are slowly rising
and transparency calculations are slowly falling. This
relationship was first discussed in Sect. II B and agrees
with the predictions there. Although the NuWro value
for �reac agrees with the other calculations, the trans-
parency prediction is above the others as NN short range
correlations influence transparency but not reaction cross
section (see Sect. V).

Fig. 6 focuses on the lower proton energies so that de-
tails from Fig. 5 become apparent. The �reac data [22]
has some scatter because much of it comes from publi-
cations from 1960’s and 1970’s. Overall, the data can
be understood as a rise as the energy decreases to ac-
count for the increasing pN cross section and the influ-
ence of compound nuclear processes. The cross section
peaks at ⇠30 MeV and decreases at lower energies due
to Pauli blocking, other in-medium e↵ects, and Coulomb
repulsion. The peaking is seen in NuWro and GENIE-
INCL++ in good agreement with the data. INCL++ has
both compound nuclear processes and Coulomb e↵ects,
but both are absent in NuWro. Since both INCL++
and NuWro have Pauli blocking, this seems to be the
most important contributor. GENIE-hA2018 continues
to increase to lower energies while GENIE-hN2018 fol-
lows the same trend but is cut o↵ at 20 MeV. Neither
have Pauli blocking in the code versions used here and the
hN code compensates for this with the empirical cuto↵,
as explained in Sec. III C. The NEUT simulation starts
to fall o↵ at about 80 MeV for both carbon and argon
because of the di↵erent treatment of binding energy and
Pauli-blocking as explained in the Sec. III A. The corre-
sponding transparency calculations for GENIE-hN2018
and NEUT have a rapid rise in transparency where �reac

is rapidly decreasing as discussed in Sec. II B. The peak
in �reac at about 40 MeV corresponds to a dip in trans-
parency for NuWro and GENIE-INCL++.

The detailed correspondences are also interesting.
GENIE-INCL++ has the most complete nuclear model
and has the best agreement with the �reac data. While
GENIE-INCL++ is always below NuWro in trans-
parency in Fig. 6, NuWro is sometimes larger and some-
times smaller for �reac. Even though GENIE-hA2018 has
a minimal set of nuclear corrections, it tends to agree
with GENIE-INCL++ for energies larger than about 30
MeV.

While there is a significant body of data across the full
range for the total reaction cross section, the data for
transparency is scarce. No data is shown in Fig. 5 be-
cause a computation of acceptance correction factors to
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FIG. 5. Total reaction cross section and transparency for
proton-carbon. Available data for �reac [22] is shown along
with calculations from GENIE, NuWro, and NEUT. The
transparency results are Monte Carlo, i.e. with no acceptance
corrections.

match the transparency data from electron beams is be-
yond this study. Fig. 7 shows a partial accounting of this
e↵ect. NuWro made transparency calculations with and
without the experimental acceptance e↵ects [27]. The
ratio is used to estimate the impact of acceptances on
the other model results by using the ratio of acceptance-
corrected to Monte Carlo transparencies as an energy-
dependent scale factor that is applied to all the calcula-
tions in Fig. 7. We see that these estimated acceptance
corrections put all calculations in reasonable agreement
with the data [25, 38, 63] with the exception of NuWro.
The e↵ect of short range NN correlations has increased
the transparency calculation so that it is now above the
data [38–40]. The lowest energy points are of particular
interest because of the sensitivity to nuclear e↵ects. Al-
though the calculations match the measurement of trans-
parency for protons of kinetic energy 180 MeV [25], they
are somewhat above the newer data points at kinetic en-
ergy ⇠ 350 MeV [39, 40]. None of the calculations re-
ported here show such a steep rise.
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FIG. 8. Total reaction cross section and transparency for ⇡+-
carbon. Available data [23] are shown along with calculations
from GENIE, NuWro, and NEUT.

NN correlations can vary significantly for small changes
in A. Since reasonable agreement was obtained with iron
(A=56) transparency data for NuWro in Ref. [27], no
strong dependence on nucleus is expected. We chose ar-
gon as a second target because of its importance in neu-
trino oscillation experiments. Since there is no data for
this nucleus, only a comparison among the simulations
is possible. Pauli blocking is a bigger e↵ect for protons
in argon. This and other nuclear e↵ects make the spread
of curves somewhat more pronounced. Medium e↵ects
make the � �reac peak wider for pions with a correspond-
ing e↵ect in transparency. The tentative conclusion is
that A dependence is not significant or the models fail to
account properly for it.
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FIG. 9. Subject of plots is same as in Fig. 5 but for the
proton-argon interaction. Since there is no data available,
only Monte Carlo calculations from GENIE, NuWro, and
NEUT are shown.

S. Dytman et al., Phys.Rev. D 104 (2021) 053006
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Exclusive electron scattering
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FIG. 10: Measured momentum distribution for carbon at Q2

= 1.28 (GeV/c)2 in the s-removal energy region (top panel,
10<Em<25 MeV) and p-removal energy region (bottom shell,
30<Em<50 MeV) compared to theoretical predictions. The
solid line is the IPSM model; dashed line is IPSM with an 8%
s-p mixing. Dotted line is a DWIA calculation from Zhalov et
al. [38] and the dot-dashed line is the same DWIA calculation
with color transparency included.

been calculated using the TIMORA code written by
Horowitz [40] and based on the σ − ω mean field the-
ory of Walecka [41]. Details of this calculation are given
elsewhere [42]. As can be seen in Fig. 11 this calcula-
tion gives a better fit to the observed structure, or lack
thereof, than does either the IPSM or the Benhar [39]
calculations.

Transparencies

As noted in the Introduction the basic strategy used to
obtain nuclear transparencies was to compare the mea-
sured yield to that calculated under the assumption that
the struck proton escapes the nucleus without further in-
teraction, i.e. the transparency is defined as the ratio
of the measured yield to that calculated using the Plane
Wave Impulse Approximation, or PWIA.
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FIG. 11: Measured missing energy spectral function for iron
at Q2 = 1.28 (GeV/c)2 compared to theoretical models. The
solid line is using the IPSM model. The dashed line is a
calculation from Benhar et al. [39] and the dot-dashed line
is from calculations using the TIMORA code described in
Ref. [40] with spreading widths taken from the IPSM.

PWIA

For each target, incident electron energy, outgoing elec-
tron angle and outgoing proton angle, the transparency
was determined as the ratio of the observed e − p co-
incidence yield, integrated over missing momentum (±
300 MeV/c) and missing energy (up to 80 MeV), to
that calculated using the PWIA. However, before the
expected coincidence e − p spectra in the absence of
final state interactions can be calculated, a number of
complications must be dealt with. As its name implies
the PWIA treats the incoming and outgoing particles as
plane waves. There are, of course, the radiative correc-
tions that are discussed above. Additionally, the incident
and outgoing waves are distorted by the Coulomb field of
the target and residual nucleus, respectively. It has been
shown [40] that these distortions can be approximated
by attaching a phase factor to the plane wave expansion.
The acceleration by the Coulomb field increases the elec-
tron momentum k by:

δk = f
Z α

R
(9)

9

gets. These are the raw spectra from which the spectral
functions were extracted after unfolding the radiative ef-
fects, the phase space weight and the e − p cross-section
weight. The raw missing energy spectra are shown in
Figs. 3, 4, and 5.
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FIG. 3: Measured missing energy spectra for carbon at the
different Q2, panels with the same Q2 refer to the forward
and backward electron angle kinematics respectively for the
L/T separation kinematics.

Fig. 3 shows the missing energy spectra for carbon.
At Q2 = 0.64 (GeV/c)2 the spectra show a rather sharp
peak corresponding to populating low-lying levels in 11B
which can be attributed to removing p - shell protons
from 12C and a broader peaking at higher missing ener-
gies which is primarily due to removing s - shell protons.
The valley between the two groups is increasingly filled in
as Q2 increases, because the (absolute) energy resolution
broadens as the energy of the particles increases, as noted
above in discussing the hydrogen spectra of Fig. 2. At
the two values of Q2 at which L - T separations were per-
formed the valley between the s - shell and p - shell region
is less distinct at the forward electron angle, again reflect-
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FIG. 4: Measured missing energy spectra for iron at the dif-
ferent Q2, panels with the same Q2 refer to the forward and
backward electron angle kinematics respectively for the L/T
separation kinematics.

ing the poorer energy resolution that was also observed
in the hydrogen spectra. The missing energy spectra for
iron are shown in Fig. 4. The ground-state region peak
is more prominent at low Q2 and backward angles. The
missing energy spectra for gold are shown in Fig. 5. The
statistical uncertainties are much poorer for gold than for
the other targets and no trends are apparent.

Radiative and Acceptance Corrections

As previously noted, energy and momentum are lost
by the electrons radiating photons in the Coulomb field
of the target nucleus both before and after the scattering.
The electrons can also emit bremsstrahlung radiation in
passing through material in the spectrometers. The net
result is a distortion of the spectra and the corrections
to this distortion are model dependent. The code SIMC

JLab E91013 (D. Dutta et al.), Phys.Rev. C 68 (2003) 064603
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Issues with transparency measurements

◦ Performed at high energies (color transparency)

◦ Valid up to the first inelastic interaction (imaginary part of the optical potential)

◦ Results are model-dependent (spectroscopic factors)

◦ Issues with consistency across experimental analyses
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Other exclusive electron data
4

FIG. 2: The experimental infrastructure in Hall A at Jeffer-
son Lab at the time of this experiment. The electron beam
passed through a beam-current monitor (BCM) and beam-
position monitors (BPMs) before striking a waterfall target
located in the scattering chamber. Scattered electrons were
detected in the HRSe, while knocked-out protons were de-
tected in the HRSh. Non-interacting electrons were dumped.
The spectrometers could be rotated about the central pivot.

II. EXPERIMENT

This experiment [34, 35], first proposed by Bertozzi et
al. in 1989, was the inaugural physics investigation per-
formed in Hall A [36] (the High Resolution Spectrometer
Hall) at the Thomas Jefferson National Accelerator Fa-
cility (JLab) [37]. An overview of the apparatus in the
Hall at the time of this measurement is shown in Fig. 2.
For a thorough discussion of the experimental infrastruc-
ture and its capabilities, the interested reader is directed
to the paper by Alcorn et al. [38]. For the sake of com-
pleteness, a subset of the aforementioned information is
presented here.

A. Electron beam

Unpolarized 70 µA continuous electron beams with en-
ergies of 0.843, 1.643, and 2.442 GeV (corresponding to
the virtual photon polarizations shown in Table I) were
used for this experiment. Subsequent analysis of the data
demonstrated that the actual beam energies were within
0.3% of the nominal values [39]. The typical laboratory
±4σ beam envelope at the target was 0.5 mm (horizon-
tal) by 0.1 mm (vertical). Beam-current monitors [40]
(calibrated using an Unser monitor [41]) were used to
determine the total charge delivered to the target to an
accuracy of 2% [42]. Beam-position monitors (BPMs)
[43, 44] were used to ensure the location of the beam at

TABLE I: The QE, constant (q, ω) kinematics employed in
this measurement. At each beam energy, q ≈ 1 GeV/c.

Ebeam θe virtual photon θpq

(GeV) (◦) polarization (◦)
0.843 100.76 0.21 0, 8, 16
1.643 37.17 0.78 0, ±8
2.442 23.36 0.90 0,±2.5, ±8, ±16, ±20

the target was no more than 0.2 mm from the beamline
axis, and that the instantaneous angle between the beam
and the beamline axis was no larger than 0.15 mrad.
The readout from the BCM and BPMs was continuously
passed into the data stream [45]. Non-interacting elec-
trons were dumped in a well-shielded, high-power beam
dump [46] located roughly 30 m from the target.

B. Target

A waterfall target [47] positioned inside a scattering
chamber located at the center of the Hall provided the
H2O used for this study of 16O. The target canister was
a rectangular box 20 cm long × 15 cm wide × 10 cm
high containing air at atmospheric pressure. The beam
entrance and exit windows to this canister were respec-
tively 50 µm and 75 µm gold-plated beryllium foils. In-
side the canister, three thin, parallel, flowing water films
served as targets. This three-film configuration was su-
perior to a single film 3× thicker because it reduced the
target-associated multiple scattering and energy loss for
particles originating in the first two films and it allowed
for the determination of the film in which the scattering
vertex was located, thereby facilitating a better overall
correction for energy loss. The films were defined by 2
mm × 2 mm stainless-steel posts. Each film was sep-
arated by 25 mm along the direction of the beam, and
was rotated beam right such that the normal to the film
surface made an angle of 30◦ with respect to the beam
direction. This geometry ensured that particles originat-
ing from any given film would not intersect any other film
on their way into the spectrometers.

The thickness of the films could be changed by vary-
ing the speed of the water flow through the target loop
via a pump. The average film thicknesses were fixed at
(130 ± 2.5%) mg/cm2 along the direction of the beam
throughout the experiment, which provided a good trade-
off between resolution and target thickness. The thick-
ness of the central water film was determined by com-
paring 16O(e, e′) cross-section data measured at q ≈ 330
MeV/c obtained from both the film and a (155 ± 1.5%)
mg/cm2 BeO target foil placed in a solid target ladder
mounted beneath the target canister. The thicknesses
of the side films were determined by comparing the con-
currently measured 1H(e, e) cross section obtained from
these side films to that obtained from the central film. In-
stantaneous variations in the target-film thicknesses were

K. G. Fissum et al., Phys.Rev. C 70 (2004) 034606

23

FIG. 21: Data from this work together with romea calculations by the Ghent Group for the Emiss-dependence of the cross
section obtained at Ebeam = 2.442 GeV. The data are the averaged cross section measured on either side of q at each θpq .
Normalization factors of 0.6, 0.7, and 1.0 have been used for the 1p1/2-, 1p3/2-, and 1s1/2-states, respectively. Uncertainties are
statistical and, on average, there is an additional ±5.9% systematic uncertainty (see Tables XVIII – XXII) associated with the
data. Also shown are calculations by the Ghent Group for the (e, e′pN) contribution.

(e, e′pN) contribution. In general, the data do not show
the broad peak centered at Emiss ≈ 40 MeV correspond-
ing to the knockout of 1s1/2-state protons predicted by
the calculations. At pmiss = 145 MeV/c, the bare cal-
culation is consistently about 60% of the magnitude of
the data. Inclusion of MEC and IC does not apprecia-
bly change the calculated RL+TT , but does improve the
agreement between data and calculation for RLT and RT .

The measured response RL+TT (which is essentially equal
to RL since vT T

vL
RTT is roughly 7% of RL in these kine-

matics – see Ref. [80]) is larger than the calculation for
Emiss < 50 MeV and smaller than the calculation for
Emiss > 50 MeV. The agreement between the calculation
and the data for RLT is very good over the entire Emiss

range. Since the measured response RLT is nonzero for
Emiss > 50 MeV, the measured response RL must also be
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Merging together the optical potential and intranuclear cascade
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FIG. 7. Cross section in terms of the leading protons kinetic energy averaged over the T2K flux. All results include a cut in
missing energy to isolate elastic events. ROP results are compared to the NEUT results when using rROP or RPWIA as input
to the cascade. The results of the models before application of the cascade are shown by dashed lines.

the hadron current of Eq. 8, and hence the description of
FSI in the RDWIA approach, depends not only on the

energy of the outgoing nucleon but also on ~q · ~kN , i.e.
the magnitude and direction of the momentum transfer

with respect to ~kN . These di↵erences cannot be readily
discerned by considering (flux-folded) single-di↵erential
cross sections in terms of Tp.

Observables that combine lepton and hadron informa-
tion are e.g. the transverse kinematic variables described
in Refs. [63]. In Fig. 8 we compare cross sections in terms
of these variables to T2K data [5]. The experimental sig-
nal is defined as an event with no pions where one muon
and at least one proton are detected in coincidence, such
that other interaction mechanisms than single-nucleon
knockout contribute to the data. For a full comparison,
we have included the contributions of additional interac-
tion mechanisms to the experimental signal using the re-
sults of Ref. [62]. The only change in the di↵erent calcu-
lations shown is the one-nucleon knockout contribution.
The additional interaction strength is shown separately
in Fig. 8, it stems mainly from 2-particle 2-hole excita-
tions evaluated with the model of Ref. [64], and from
resonance excitation which does not lead to a detectable
pion [7, 65, 66].

The calculations include the kinematic cuts imple-
mented in the T2K data [5]. This implies in particu-
lar that the proton momentum is larger than 450 MeV
and smaller than 1 GeV, i.e. in the region where the
rROP+NEUT and ROP models give similar results for
the Tp distribution if the missing energy is restricted to
the same region. We do not apply the cut in missing
energy for the cascade model results in this case. We do
show the rROP+NEUT results restricted to only events
with 1 track separately. The shape and magnitude of the
cross sections in that case are similar to the ROP result.

The large errorbars make it di�cult to asses the quality
of the comparison to data, but some noteworthy trends
emerge in the comparison of the di↵erent approaches.
The rROP and RPWIA results are clearly very large in
the region of small �PT and ��T . The cascade model re-
distributes these events and many of them end up below
the threshold for proton momentum, which leads to a re-
duction of the cross section. A rather significant number
of events remain in the experimental phase space, and
these appear at high �PT . From the comparison to �↵T

one sees a significant shape di↵erence between the mi-
croscopic calculations and the 1-track results on the one
hand, and the results with the full cascade on the other
hand. The rise of the cross section with increasing ↵T is
more significant in the full cascade model results. The
increase with �↵T in the other results stems from the
addition of the non-QE cross section. This shape is sup-
ported by the data, but the large error bars do not allow
to draw any definite conclusions. A similar dependence
on �↵T has been found in the MINERvA experiment [67]
and is well described by the NEUT cascade as shown in
Ref. [62].

The RPWIA and rROP results tend to be similar in
shape, whether or not the cascade model is used, and
seem to di↵er mostly in terms of normalization for �↵T .
For �PT and ��T , the di↵erences in magnitude between
RPWIA and rROP are concentrated in low values of the
variables, while they seem to converge somewhat for high
values. The di↵erence between the RPWIA and rROP
models is relatively small because the kinematic region
that is probed does not include nucleon momenta smaller
than 450 MeV, where these approaches deviate more sig-
nificantly.

A. Nikolakopoulos et al., Phys.Rev. C 105 (2022) 054603

→ see the talk by Anna for more results and comparisons!
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Summary

• We have many independent models capable of propagating hadrons through nuclear matter

• Although sometimes simplistic, these solutions work remarkably well

◦ Comparisons to hadron and electron scattering provide vital information

◦ We need more dedicated, neutrino-like experimental analyses to test our models:

→ Data should focus on clear experimental signals to test various dynamics

→ This requires the best possible knowledge of the primary interaction
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Supplementary material
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Mean-field potential
Single-particle radial Schrödinger equation:

(T +U(r))ϕa(r) = ϵaϕa(r) (1)

Nuclear Hamiltonian:
H0 =

A∑
i=1

(Ti +U(ri)) =

A∑
i=1

h0(i), E0 =

A∑
i=1

ϵai
(ri) (2)

Nuclear wave function is a Slater determinant:

Φa1,...,aA
(r1, ..., rA) =

1√
A!

∣∣∣∣∣∣∣

ϕa1
(r1) . . . ϕa1

(rA)
...

. . .
...

ϕaA
(r1) . . . ϕaA

(rA)

∣∣∣∣∣∣∣
(3)

Let’s restrict ourselves to two-body interactions only and evaluate the mean-field potential:

H =

A∑
i=1

Ti +
1

2

A∑
i,j=1

Vij (4)

H =

A∑
i=1

(Ti +U(ri)) +

(
1

2

A∑
i,j=1

Vij −

A∑
i=1

U(ri)

)
= H0 +Hres =

A∑
i=1

h0(i) +Hres, (5)
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Hartree-Fock methods
Let’s consider a density in terms of the occupied single-particle states:

ρ(r) =
∑
b

ϕ∗
b(r)ϕb(r) (6)

The Hartree potential at a given point generated by the two-body interaction:

UH(r) =
∑
b

∫
ϕ∗

b(r′)V(r, r′)ϕb(r′)dr′ (7)

The Schrödinger equation becomes:

−
 h2

2m
∇2ϕi(r) +

∑
b

∫
ϕ∗

b(r′)V(r, r′)ϕb(r′)dr′ · ϕi(r)

−
∑
b

∫
ϕ∗

b(r′)V(r, r′)ϕb(r)ϕi(r′)dr′ = ϵiϕi(r)
(8)

−
 h2

2m
∇2ϕi(r) +UH(r)ϕi(r) −

∫
UF(r, r′)ϕi(r′)dr′ = ϵiϕi(r) (9)

where the exchange term is driven by the Fock potential:
UF(r) =

∑
b

ϕ∗
b(r′)V(r, r′)ϕb(r) (10)
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