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We present the implementation and results of a new model for the n-particle n-hole (np-nh)
contribution in the NuWro event generator, grounded in the theoretical framework established by
the Valencia group in 2020. For the 2p2h component, we introduce a novel nucleon sampling function
with tunable parameters to approximate correlations in the momenta of outgoing nucleons. These
parameters are calibrated by comparing our results to those of the Valencia model across a range
of incoming neutrino energies. In addition, our model incorporates a distinct contribution from the
8p8h mechanism. We discuss the differences between the new NuWro implementation, the original
Valencia model, and the previous NuWro version, focusing on the distribution of outgoing nucleon
momenta. Finally, we assess the impact of the hadronic model on experimental analyses involving

hadronic observables.

I. INTRODUCTION

A new generation of long-baseline neutrino oscilla-
tion experiments, including Hyper-Kamiokande [1] and
DUNE [2], requires highly accurate modeling of neutrino-
nucleus interactions to meet performance demands [3].
The probability for a neutrino of one flavor to oscillate
into another depends on its energy. However, unlike in
electron scattering experiments, the energy of a neutrino
beam is not precisely known due to the broad spectrum
with a significant tail, even in off-axis configurations. For
example, in the T2K experiment with a 2.5-degree off-
axis configuration, the energy spectrum has a peak at
around 650 MeV with a spread of approximately 400
MeV. Therefore, in experiments, the only way to infer
oscillation parameters is by comparing measured particle
distributions with predictions from Monte Carlo (MC)
event generators [4]. These predictions depend on the
oscillation parameters governed by the PMNS mixing
matrix [5]. Early T2K analyses examined simple dis-
tributions such as muon energy and scattering angle, but
current analyses, which include additional particles (e.g.,
pions in SuperKamiokande, neutrons detected thanks to
gadolinium doping in SK [6], and low-energy protons in
DUNE’s liquid argon detector), increase sensitivity to os-
cillation parameters, provided that MC predictions are
sufficiently accurate.

Over the last 15 years, intensive experimental and
theoretical studies have shown that modeling even the
simplest neutrino-nucleon scattering process, such as the
charge-current quasi-elastic (CCQE) process [7],

v+ n—=0+p (1)

where [ represents the neutrino flavor and n, p repre-
sent a neutron and proton, respectively, if occurring on
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a nuclear target is challenging due to difficulties in de-
termining the axial form factor [8] and nuclear effects.
Experimentally, CCQE is not a well-defined observable,
as CCQE events can easily be misidentified with pion
production followed by absorption in the target nucleus
or multi-nucleon ejection. In water Cherenkov detec-
tors, knocked-out protons are often undetected what
makes a separation of multinucleon contribution impossi-
ble. To address this, experimentalists have proposed the
CCO7 signal, defined by the absence of pions in the final
state [9]. Significant experimental efforts have focused
on measuring CCO7 cross sections for various neutrino
beams and targets [10]. While most CCO7 events are
attributed to the CCQE mechanism on bound nucleons,
understanding the size and characteristics of the multi-
nucleon knock-out component is critical to prevent biases
in interpreting measured particle distributions.

Since the multi-nucleon mechanism was first discussed
in the context of neutrino interactions [11] it has gradu-
ally become a topic of extensive theoretical study. Until
recently, theoretical models primarily provided predic-
tions for the final-state lepton only [12-14]. Describing
the final-state lepton can be efficiently done by tabulating
five two-dimensional response functions, with energy and
momentum transfer as inputs. This formalism is suitable
for straightforward incorporation into MC generators.
The outgoing nucleons arising from the multi-nucleon
knock-out mechanism has previously been modeled us-
ing the factorization scheme proposed in [15]. Shortcom-
ings of this approach must be compensated by large sys-
tematic uncertainties, which ultimately contribute to the
overall uncertainty in measured oscillation parameters.

In this paper, we present a method to model the
isospin and momentum of outgoing nucleons from the
multi-nucleon knock-out mechanism (referred to here
also as np-nh or meson exchange current, MEC) in MC
generators. We focus on NuWro, the first MC generator
to incorporate MEC dynamics, with various treatment
options. However, our results are generalizable to other
MC generators, including those directly used in neutrino
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oscillation studies, such as NEUT [16] and GENIE [17].
Our model leverages theoretical advancements from
the Valencia group [18], providing the first detailed
results on the isospin composition and momentum
distribution of knocked-out nucleons. For our study, we
used the numerical code provided by the authors of [18]!.

Our paper is organized as follows: in Sect. II, we
present the general features of the NuWro Monte Carlo
generator. Sect. III introduces a MEC model developed
in 2020 by the Valencia group and describes a scheme
for integrating this model into MC frameworks. Sect. IV
presents results from the new MC implementation, in-
cluding comparisons to the original theoretical model and
experimental results from the MINERvA experiment.
We conclude with some remarks in Sect. V. Appendices
A, B contain technical details of our study.

II. NUWRO MONTE CARLO GENERATOR

A. General structure

NuWro is an MC neutrino event generator developed
at the University of Wroctaw since 2004 [20, 21]. It cov-
ers the energy range from ~ 100 MeV to ~ 100 GeV.
All basic dynamics for the neutrino-nucleon/nucleus in-
teraction process are included in NuWro for both charge
current (CC) and neutral current (NC) reactions. For
neutrino-nucleon scattering, these are:

e Charge current quasi elastic (CCQE) scattering,
(see Eq.(1)) and its NC counterpart

e Resonant production (RES) containing mostly sin-
gle pion production, typically through A(1232) res-
onance excitation and its decay into nucleon-pion
pair

v+N = I"4+A - " +N'+nx (2)

In NuWro RES labels all the inelastic reactions for
which invariant hadronic mass W satisfies W <
1.6 GeV

e DIS: inelastic reactions with W > 1.6 GeV

e HYP: quasi-elastic antineutrino hyperon produc-
tion

7+ N—=IT+A/D (3)

Neutrino-nucleus scattering is described in the impulse
approximation as a two-step process where primary
neutrino-bound nucleon reaction is followed by final state

1 Note that this work does not incorporate the latest calculations
from the Valencia group [19]

interactions (FSI), hadronic re-interactions inside the nu-
cleus. For nuclear target reactions two new interaction
modes are available:

e COH: coherent pion production on nucleus A
v +A—=1"+at 4+ A (4)
and its NC counterpart.

e MEC: scattering on nucleon pairs correlated by ex-
change of virtual pion or p meson.

NuWro includes also
e EL: contribution from neutrino-electron scattering.

In NuWro there is a variety of options to describe tar-
get nucleon immersed in the nuclear matter. These are
global Fermi gas, local Fermi gas, hole spectral func-
tion [22], effective spectral function [23], and effective
momentum dependent potential [24].

NuWro’s FSI is described by a custom-made intranu-
clear cascade model [25]. The hadrons transported
inside nuclei are nucleons, pions, and hyperons. The
basic scheme of the NuWro FSI model follows the
seminal papers by Metropolis et al [26, 27]. However,
many quantum effects are included [28, 29] making
microscopic hadron-nucleon interactions realistic. The
performance of the NuWro FSI compared to other MC
event generators was investigated in detail in Ref. [30].

One can think of NuWro Monte Carlo generator as a
code that calculates the total cross section for neutrino
scattering using the MC algorithm. The integration is
done over the available phase space i.e. over a space of
all the possible momenta (in practically all the situations
a summation over spins is assumed to be previously per-
formed) of final state particles. Every point in the phase
space corresponds to a potentially observed configura-
tion of the final state resulting from neutrino interaction.
This allows us to assign a certain number, called weight,
to every final state. The weights are defined so that the
average weight is equal to the total cross section:

Ototal = N Z wy . (5)

where w; denotes the weights of individual events. Com-
putation of weights requires a knowledge of multidimen-
sional differential cross sections. This information is typ-
ically not available and the calculation of weights w; is
done applying various approximations. Often, the only
information provided by the theoretical model is lepton
7542 9 where Q(K')
dQ(K')dE,;

and E] refer to final state lepton spherical angle and en-
ergy. In this situation, the cross section is calculated by

inclusive differential cross section



sampling over the leptonic phase space V' and computing
weights of individual events as

d2
w=—27 (6)
dQ(K')dE]

It is then necessary to develop tools to complete events for
given values of Q(K’) and E] (or alternatively, the values
of energy and momentum transfer i.e. w, |q|) by assign-
ing outgoing nucleons ispospin and momentum. At the
very end, FSI effects are included as well by propagat-
ing hadrons through the nucleus under the assumption
that the event’s weight remains unchanged. From a little
abstract perspective, FSI can be thought of as a unitary
transformation in the space of hadronic final states.

B. MEC models in NuWro

In MEC reactions typically more than one nucleon is
knocked out from the nucleus. In the language of nu-
clear theory, one often speaks about n-particles and n-
holes (np-nh) processes. MEC scattering is especially
relevant in the kinematic region between quasi-elastic
and A(1232) excitation peaks. While many theoretical
models of the MEC dynamics were already present from
the era of electron-nucleus scattering experiments, it was
the excess of CCO7 events observed by MiniBooNE col-
laboration [9] that motivated the inclusion of MEC dy-
namics in modeling neutrino-nucleus interactions as well.
Since MiniBooNE only measured the outgoing leptons
and charged mesons, and did not track the final state
nucleons, at that time there was no need to develop pre-
cise models for outgoing nucleons.

Monte Carlo generators describe MEC events in a
three-step procedure:

0 0 0
= {2W1 sin? El + W cos? El + Ws(E + E}) sin® 2

d*c 2G2 cos® 0,.E]|K'|
dE] dcos 6, B T
2
TR
(B + K E;

w.
—l—f(mi cos O + 2E](E] + |k'|) sin® ;) — ?(El’ + |K'|)

where 0y is the scattering angle of the outgoing lepton.
The five response functions, Wy, Wy, W3, Wy, W5, are
functions of the energy and momentum transfer (w, |q]),
and are linear combinations of the independent compo-
nents of the hadronic tensor: W0 W03 Wil Wiz 13733,
The response function W3 in the W; basis flips the sign
from positive for neutrinos to negative for antineutrino
interactions.

1. Generation of kinematics for outgoing lepton using
information about neutrino energy and nuclear re-
sponse functions. This part is referred to as the
inclusive part of the model.

2. Generation of nucleons outgoing from primary in-
teraction by modeling their isospin and momenta
This part is referred to as the hadronic part of the
model.

3. Processing nucleons obtained in step (2) through
the FSI module.

1. Inclusive part

For the inclusive reaction on a nucleus A
vk)+ A= 1" (K)+X (7)

with the remnant hadronic system denoted as X, the
double differential cross section, concerning the outgoing
lepton kinematical variables is given by a general expres-
sion

Fou__ GG K, L
dQ(K')dE, 4r? K]

with k and k’ the incoming and outgoing lepton momenta
respectively in the LAB frame, Q(IE’ ) is the spherical an-
gle of outgoing lepton, E] = (K? + m?)1/2 and my the
energy and mass of the outgoing lepton, G is the Fermi
constant, ¢, is the Cabibbo angle, and L,s and Wb
are the leptonic and hadronic tensors, respectively. Af-
ter some algebra, the expression for the cross-section in
Eq.(8) can be written down as

l

W. 1%
W1 cos ) — 72 cos O + 73 (E;(1 —cos ;) + |k'| — Ecos b))

Ws

} 0

In the NuWro version 21.09 several inclusive models for
MEC are available. These include Valencia model [13],
Marteau model [11], SuSav2 model [14] and transverse
enhancement (TE) model [31]. An important feature of
the TE model is that it is can be also used to describe
neutral current MEC reaction which was essential in
the studies in Refs. [32, 33]. Inclusive models differ in
the kinematic region they cover. The original Valencia




model was supplemented in Ref. [34] by a condition that
the magnitude of momentum transfer |q| < 1.2 GeV/c.
SuSav2 MEC model covers a region |q| < 2 GeV/c.
Implementations of the Valencia and SuSav2 models are
done by tabularization of the five response functions Wj.
This approach is very effective because the same set of
tables allows for a computation of inclusive cross section
for arbitrary (anti)neutrino flavor and also at arbitrary
energy. For any arbitrary pair (w,|q|) which lies within
a valid leptonic kinematic region, NuWro then uses the
bi-linear interpolation technique to evaluate the double
differential cross section at that specific point. TE model
is implemented with analytic formulas. Marteau model
is implemented with tables in the region of energy and
momentum transfer w < 3 GeV and |q] < 3.6 GeV,
and with analytic formulas outside this region. To
generate lepton kinematics it is sufficient to know an
absolute value of momentum transfer |q|. It is always
assumed that the interaction plane defined by neutrino
and final lepton momentum vectors is arbitrary and
as a consequence, is selected at random. Once the
choice is done, the direction of momentum transfer
(§) is known, which then will be used in the compu-
tations of the hadronic part of the model discussed below.

2. Hadronic part

The individual components W% describe inclusive elec-
troweak nuclear responses on a pair of correlated nucle-
ons. W% do not contain information regarding corre-
lations among the outgoing nucleon momenta and their
corresponding isospin. However, in MC generators one
has to explicitly model the kinematics for the outgo-
ing nucleon states. When theoretical model information
is missing, the challenge is to satisfy simultaneous con-
straints from energy and momentum conservation. One
option to proceed is to use the hadronic model proposed
in Ref. [15] with the basic idea that energy and momen-
tum are automatically conserved if one assigns momen-
tum (and energy) of outgoing nucleons in the hadronic
center-of-mass frame. This approach is universal and
can be applied independently of which inclusive model
is used. Due to the feasibility and simplicity of the algo-
rithm, the model [15] is adopted in all the MC generators
as a standard approach to modeling outgoing nucleons.

3. FSI

The hadronic model describes nucleons after primary
interaction but before FSI. The nucleons arising from the
primary interactions must be propagated through the
nucleus. For carbon, there is ~ 40% probability (see
e.g. [35]) that each one of them interacts at least once.
As a result, a very topology of the event is changed with
more particles being knocked out (including pions). Also

ejected nucleons have typically smaller kinetic energy.

III. NEW MONTE CARLO MEC MODEL
A. The 2020 Valencia Model

The new features of the 2020 Valencia model [18§]
include separation of 2p2h and 3p3h contributions to
the inclusive cross-section and access to information
about isospin and momenta of final state nucleons.
For clarity, by ’final state nucleon pair’ or ’final state
three-nucleon configuration,” in the following text we
refer to outgoing nucleon pair or a configuration of three
outgoing nucleons before FSI, respectively.

Thanks to the work of the authors of Ref. [18], the
numerical approximations applied to the imaginary part
of the A self-energy have been eliminated for the 2p2h
contribution compared to the previous version of the
model. The 2p2h part can now be decomposed into
components based on the isospin of the final nucleon
pairs: pp, np, and pn, representing two protons, a
neutron-proton pair, and a proton-neutron pair, respec-
tively (the last two are kinematically distinct). However,
for the 3p3h mechanism, the numerical approximation
remains, and no information is provided on the isospin
decomposition of the total cross-section across different
configurations of three nucleons in the final state. In all
cases, the 2020 Valencia model imposes a constraint on
the momentum transfer |q| < 1.2 GeV, consistent with
the old model.

The code provided by the authors of Ref.  [1§]
computes the individual components of the hadronic
tensor W, namely WO W3 Wil W12 W33 for the
entire $p3h mechanism. For the 2p2h mechanism three
sets each consisting of five individual components of
tensor are computed separately based on the nucleon
pairs in the final state i.e pp, np, and pn. The four
components correspond to distinct final states and can
be consistently summed up as cross sections.

B. New scheme for MEC implementation in
NuWro

As explained in Sect.II B1, the inclusive contribution
in NuWro implementation of the new MEC models con-
sists of four sub-parts. Each sub-part is first used to
calculate the corresponding contributions to the overall
event’s weight. The total weight is obtained by summing
all four contributions:

w = Wap2h + Wspsn (10)
——

Wpp+Wnp+Wpn



The code for the hadronic part first runs a sub-routine
called isospin model which decides the event topology
whether the event is of the type pp, pn or np within
2p2h, or 3p3h. For given values of (w,|q|) probabilities
to choose topologies pp, np, pn, 3p3h are proportional
t0 Wpp, Wnp, Wpn and wsy,3, and decision is taken with
the Monte Carlo algorithm. For the MEC interaction of
antineutrinos, we proceed in the same way and the only
difference is that individual contributions to the overall
weight are different due to different sign in Eq. 8. For
3p8h, further decisions must be taken about the isospin
of the final state. With no information in this respect,
it is decided based on a combinatorial model by calcu-
lating a number of possible sets of three nucleons in the
final state with different isospin i.e ppp, ppn,pnn in the
case of v-interaction and nnn,nnp,nnn in the case of
p-interaction. Specifically, for neutrino interaction

z
ppp < Nppp = (3)
Z\ (A-Z
ppn < Nppn = (3)(777) (11)
Z\ (A-Z
pn & Npnn = (7)(727)
where Z and A are the atomic number and atomic mass
of the nucleus respectively. Probabilities to choose a final
state to be ppp, ppn or pnn are set to be proportional to
Nppp, Nppn and Ny, and the decision is taken with the
Monte Carlo algorithm.

Once we decide the isospin of the nucleons in the final
state, we move on to model momenta of the outgoing
nucleons. We divide our next discussion into two sub-
sections, namely 2p2h and 3p3h.

1. 2p2h

The algorithm is defined as follows.

For given values of energy w and momentum transfer
q:

1. Select interaction point using nuclear density pro-
file as a probability density function.

2. Calculate Fermi momentum at the interaction
point in the local Fermi gas paradigm as

pr = (37%p(r)"? (12)

3. Set the magnitude of the momenta of two nucleons
in the initial state from the quadratic probability
density function

() = > 0(r - p)p?
PE

4. Set the direction of each initial nucleon uniformly
chosen within the unit sphere

5. Form a hadronic system with 4-momentum pgys

equal to the sum of 4-momentum of initial nucleons
and 4-momentum transfer ¢* = (w, q)

6. Move to the hadronic center-of-mass frame

(a) Check whether the hadronic condition is met
for a possibility of ejection of two nucleons:

Piys = (ms +ma)? (13)

If it’s not the case, steps (3-5) are repeated.
Here, mz and my are the rest masses of the
final-state nucleons. At this stage, both values
are determined.

(b) Produce two outgoing nucleons in back-to-
back configuration and set the isospins as al-
ready decided by the isospin model for 2p2h
mechanism

(c) Divide the total energy of the hadronic system
to the outgoing nucleons

2 2 2
. psys +m3 —my

E; =
24/P3ys
2 2 2
EZ _ psys + my —m;j

24 /P3ys

where E5 and E} are energies of outgoing nu-
cleons in the hadronic centre-of-mass frame
satisfying (B3 + Ef)* = p2,,

(d) Calculate the allowed range on the scattering
angle 6* of the outgoing nucleon pair with re-
spect to the direction of boost for the back-
ward nucleon (the condition originates from
he Pauli blocking)

e Nucleon associated with cosf* < 0 is
denoted as backward nucleon because
6" € [3,27] and so the outgoing nucleon
will have anti-parallel components defined
w.r.t the direction of boost. Its back-
to-back partner associated with the angle
0* + 7 has cos(6* 4+ 7) > 0 and is referred

as forward nucleon.

e After boosting the nucleon pair back
to the lab frame, the forward nucleon
becomes more energetic because it had
the parallel component of its momentum
aligned with the direction of the boost
from the lab frame to the center-of-mass
frame. Energy of the backward nucleon
must satisfy:

B >my+Ep = cosb* € [—k, K]

Ey — —F
{Ii : kK = min [1, M]} (14)
By



here E}f‘b is the energy of backward nucleon
in the lab frame, Er is the Fermi kinetic en-
ergy, /3, are the boost parameters, £} is the
energy and p; is the magnitude of the momen-
tum of the backward nucleon in the centre-of-
mass frame. A derivation of Eq. (14) is given
in the Appendix A.

(e) Sample the scattering angle of the outgo-
ing nucleon cosf* from the probability dis-
tribution function f(cos6*) described in Ap-
pendix B with cos0* € [—k,k]. The az-
imuthal angle is sampled uniformly in the
range [0, 27].

7. Boost back to the lab frame. At this stage outgoing
nucleons are assumed to be on-shell. Later on, the
NuWro FSI module accounts for the fact that they
are immersed in a nuclear potential.

The method we use to assign momenta to final state nu-
cleons is an approximation of the correlations defined by
the 2020 Valencia model. The choice of the approxima-
tion is motivated by the numerical efficiency of the theo-
retical code and the limitations of the FSI model. Exact
computations require a lot of computer time. From the
physics perspective, an exact model is not essential, as
nucleons produced in MEC interactions propagate within
the nucleus and undergo FSI, which carries significant
uncertainty [36]. The hadronic model only needs to be
precise enough to exceed the precision of the FSI. This
will be discussed in Sect. IV.

2. 3psh

If a particular isospin configuration within 3pS3h
mechanism is selected, then modeling of final state
nucleons is done using a three-body phase space model
for the kinematics of the outgoing nucleons. At the
initial steps, we proceed in exactly the same way as
in Sect IIIB1 (steps (1-5) differ only in the sense that
three nucleons are sampled in the initial state). The
next steps are as follows:

6. Move to the center-of-mass frame of the hadronic
system

(a) Check whether the hadronic condition are
met:

pgys > (m4 + ms5 + m6)2- (15)

If it is not a case, steps (3-5) are repeated.
Here my, ms and mg are the rest masses of the
final-state nucleons. At this stage, all three
values are determined.

(b) Assign energies and momenta of three outgo-
ing nucleons using the three body phase-space
model.

7. Boost back all the nucleons to the lab frame.

8. Check whether the nucleons satisfy the Pauli block-
ing condition. If not, the steps 6b and 7 are re-
peated. At this stage, outgoing nucleons are as-
sumed to be on-shell. Later on, NuWro FSI module
accounts for the fact that they are immersed in a
nuclear potential.

C. Choice of nucleon sampling function for 2p-2h

When modeling the kinematics of outgoing nucleons in
the 2p2h mechanism within the hadronic part of the new
MC MEC model, NuWro assigns distinct sets of param-
eters (P, 1) for each of the three final state nucleon pairs:
pp, np, and pn. In NuWro we assume that the forward
nucleon in the np (pn) contribution is neutron (proton).
We limit the parameter space for all nucleon pairs to
le(1,2,..,10). The parameter sets for the pp, np, and
pn outgoing pairs are represented as (P, 1) ,p, (P, 1)np, and
(P, 1) pn.-

We found best-fit values of the parameters (P, 1),
(P, ) np, and (P, 1), for two parameter nucleon sampling
function (see Appendix B1 for details). The opti-
mization was done by demanding that two-dimensional
momentum distributions of outgoing nucleons for 2p2h
in NuWro are made as similar as possible to the corre-
sponding distributions in the 2020 Valencia model. We
refer to this two-dimensional distribution of momenta
of outgoing nucleons as the either proton-proton or
proton-neutron nucleon phase space of the outgoing
nucleon pair. The 2020 Valencia model strongly prefers
a more energetic proton in the pn pair and a more
energetic neutron in the np pair. However, the pn and
np outgoing nucleon pairs must be analyzed together, as
a small fraction of events do not follow this pattern.

We achieve similarity between the nucleon phase
spaces of NuWro and those of the 2020 Valencia model
by adjusting the (P,1),, parameter set in the pp nucleon
phase space, and (P, 1), and (P,1),, simultaneously in
the np + pn nucleon phase space, separately for selected
neutrino energy values. To save computational time
for each neutrino energy value, we use the reweighting
technique (a general description is given in Ref. [37]) to
generate the pp and np + pn nucleon phase spaces for
different values of (P,l) in their respective parameter
spaces.

Firstly, we generate sufficiently large samples of
pp, np and pn events with default parameter values
(P, 1) pp.np,pny = (0,1). At this stage, any value of cos 0"
in the allowed region is selected with equal probability.
Using the reweighting technique, the probability of
occurrence of an event characterized by values (cos 6, k)

can then be modified to match the new configuration
(P"1).



We chose E,, € {0.5,0.7,1.0,2.0,5.0} GeV for our anal-
ysis. Our choice of energy values is guided by the fact
that the distribution of energy transfer in the new Va-
lencia model has two peaks: one at w ~ 0.15 GeV and
another at w =~ 0.45 GeV, arising from two different
mechanisms that dominate the total cross-section. These
two peaks contribute to the cross-section with different
strengths depending on the value of the neutrino energy.
We produced the pp and np + pn nucleon phase spaces
for each F,. For the analysis, we select only those bins
from the 2020 Valencia model where NuWro has a non-
zero contribution. To measure the differences between
the nucleon phase spaces from NuWro and the new Va-
lencia model for any given values of (P, 1), (P,1)np, and
(P,1)pn, we define a quantity denoted as x? for each neu-
trino energy separately.

Nbins NuWro Valencia\2
9 1 (N, ij - N )

- 2Nbins

- 16
(NguWro + N%{alcnma) ( )

where NNuWre is the number of events predicted by
NuWro in the bin (¢, j) within the nucleon phase space,
and Ni\;alemia is the number of events produced in the
bin (7,7) within the 2020 Valencia model. The overall
number of events from both models are the same and we
are comparing the shapes of two distributions.

To find the optimal values (P,1),p, (P,l)n,, and
(P,1)pn, we minimize the sum of Y2, and ¥2,,,, from
different neutrino energies over the available parameter
space as follows:

X2, = min {Z X2, (P, l)pp} (17)
E,

)%%erpn = min {Z X%erpn ((P7 l)n;m (P7 l)Pn)}(18)

E,
The best-fit values obtained are:
(P,1)Slobarfit = (0.77,4) (19)

and

(P, Dps (P, D)) P = ((0.7,3), (0.8,4))  (20)

Fig. 1 shows the best-fit nucleon sampling functions
for pp, pn, and np. They are similar to each other. The
deviation of the values (P,[) from (0, 1), corresponding to
the NuWro model of Ref. [15], to positive values of P for
all three cases indicate that the distribution in nucleon
phase space is strongly affected compared to the uniform
one. An important assumption in our approach is that
there exist a universal nucleon sampling functions for the
pp, pn, and np contributions. In general, the sampling

1.54
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FIG. 1. Nucleon-sampling function (normalized to unit area)
as represented in Eq. (B1), obtained for the optimized values
of the parameters (P,l) at = 1. The black-solid curve
represents f(cos0) for the outgoing pp nucleon pair. The
blue-dashed and red-dotted curves represent f(cos6*) for
the outgoing np and pn pairs, respectively.

function depends on the values of (w, |q|). Motivated by
this observation, we attempted to obtain a more sophisti-
cated sampling function by splitting the (w,|q|) domain
into two sub-regions, each containing one peak in the
double-differential cross-section. We chose the following
condition for a boundary of two regions:

w[GeV] = % Jal[GeV /d]. (21)

Events within the nucleon phase space correspond-
ing to the peak at lower energy transfer (dominated by
the NA mechanism) were assigned one set of parame-
ters, (P,{)res. 1. Alternatively, events from higher energy
transfer (dominated by the AA mechanism) were as-
signed another set of parameters, denoted as (P, {)reg. 11
In this way, we had a total of four free parameters to
fit the pp nucleon phase space. We simultaneously varied
both parameter sets )21271) however, no significant improve-

ment was found for the global X2,.

IV. PERFORMANCE OF THE NEW NUWRO
MODEL

We present results for the inclusive part and hadronic
model of the NuWro implementation of the 2020 Valencia
model through the new MC MEC model. First, we com-
pare NuWro’s performance in generating the total MEC
cross section, which is governed by the inclusive part.
Next, we benchmark the new hadronic model by com-
paring its predictions with those from the 2020 Valencia
model. We show also results of the 2020 Valencia inclu-
sive model combined with the old hadronic model. We



also show the distribution of maximal proton momen-
tum before and after applying the FSI model. Finally,
we benchmark NuWro’s performance using experimen-
tal data, evaluating the importance of incorporating in-
formation on correlations in the momenta of final-state
nucleons.

A. Total cross section

In Fig. 2, the performance of the inclusive part from
the NuWro implementation of the 2020 Valencia model is
shown. The solid curves represent NuWro prediction of
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1.2, 2020 vaenciaMode —
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FIG. 2. MEC cross section on '2C as a function of incoming
neutrino energy for distinct components of the 2020 Valencia
model and the corresponding NuWro implementation. For a
comparison, we also show results from the old NuWro Valen-
cia model.

the total cross section as well as individual contributions
from pp,np, and pn within 2p2h and 3p3h mechanisms
using the new hadronic tables produced from the code
provided by the authors of Ref. [18]. The black-dotted
markers show the calculation for the total cross section as
well as the individual contributions done by the code of
authors of Ref. [18]. We also show the total cross section
from the NuWro implementation of the original Valen-
cia model [13]. About ~ 20% of the total cross section
comes from 8pS3h mechanism for energies £, = 1.1 GeV.
All the curves in Fig. 2 have a similar neutrino energy
dependence, with a plateau above F, ~ 1.1 GeV. This
behavior can be explained by the fact that the Valencia
model imposes the cut of momentum transfer |q| < 1.2
GeV.

B. Outgoing nucleon phase space

We present the performance of the NuWro implemen-
tation of the 2020 Valencia model for the nucleon phase
spaces. For comparisons, we analyze separately two pro-
tons and neutron-proton cases in the final state. In the
discussed comparisons FSI effects are not included.

1. pp nucleon phase space

The rightmost panel in Fig. 3 shows the pp nucleon
phase space from the 2020 Valencia model. The x-axis
represents the proton with higher momentum denoted by
|p1| (the leading proton), while the y-axis corresponds
to the one with lower momentum denoted by py (the
sub-leading proton). At E, = 0.5 GeV, we observe a
peak for |pi| ~ [0.4,0.6] GeV and |p2| ~ [0.25,0.35]
GeV, corresponding to the NA contribution. For F, = 1
GeV, two distinct peaks appear, one from the NA con-
tribution and another from the AA contribution at
higher energies, located around |p1| ~ [0.9,1.2] GeV and
|p2| ~ [0.4,0.6] GeV. The 2020 Valencia model assigns
significantly different momenta to the two protons.

The left panel of Fig. 3 shows results obtained with
the hadronic tables of the new model, but with old
hadronic model for nucleons (see [15]). At E, = 0.5
GeV, a single peak from the NA interference appears.
For E, > 1 GeV, both NA and AA peaks are visible,
with the peak situated at the diagonal in the nucleon
phase space. This indicates that momentum differences
between the final-state protons are less stringent as
compared to the 2020 Valencia model. This behavior
is expected because of our assumption —uniform polar
angular distribution of nucleon pair in center-of-mass
frame —which results in an equal number of nucleon
pairs with either significant differences or with low
differences in their momentum.

The middle panel in Fig. 3 represents the perfor-
mance of the new NuWro hadronic model as described
in Sect. III B. Here, too, we observe the NA peak at
E, = 0.5 GeV. As we increase neutrino energy i.e. F, >
1 GeV, both peaks become visible. Since Pg}"bal'ﬁt > 0,
the peak shifts away from the diagonal to towards the
lower-right, compared to the left panel. This is expected
as the new hadronic model samples more nucleons that
are (anti)parallel with moderate strength in the center-
of-mass frame. Upon boosting back to the LAB frame,
the forward nucleon becomes more energetic due to its
parallel component with the boost direction, while the
backward nucleon becomes less energetic. This results in
a noticeable momentum difference between the two out-
going protons. The new NuWro hadronic model does
not reproduce the results from the 2020 Valencia model
exactly, but later on, we will demonstrate that the dif-
ference is largly annihilated by FSI effects not included
in the analyzed distributions.

2. np+ pn nucleon phase space

In this case, the contribution to the cross section
is significantly smaller compared to the pp part, see
Fig. 2. We first discuss the nucleon phase space from
the 2020 Valencia model. The rightmost panel in Fig. 4
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FIG. 3. Outgoing nucleon distribution d?c/d|p1|d|pz| (1073° ¢cm?/GeV?) for two protons in the final state at three different
neutrino energies. In all cases, the target nucleus is '2C. The left panels show the nucleon phase space produced by the old
hadronic model, and the middle panels show the new hadronic model as described in Sect.III B, and the right panels represent
the phase space from the 2020 Valencia model generated using the code provided by the authors of Ref.[18].

shows the phase space for E, € {0.5,1.0,2.0} GeV. The
x-axis corresponds to neutron momentum and the y-axis
corresponds to the proton momentum. At F,, = 0.5 GeV
we see that phase space is mostly filled by pn events.
This is expected as the at low energy transfers NA
mechanism has the dominant contribution to the total
cross section and pn events are more likely compared to
np events due to higher contribution to the total cross
section. For higher neutrino energies i.e £, > 1 GeV,
pn events are more likely.

If a proton is produced in the ph excitation directly

connected to the W boson, which is marked as a
pn event, then the probability of a higher energetic
proton and a lower energetic neutron is quite high, as
more energy is transferred to the proton. Conversely,
if a neutron is produced in the ph excitation directly
connected to the W boson, which is marked as a np
event, then the probability of a higher energetic neutron
and a lower energetic proton is quite high, as more
energy is transferred to the neutron. These two possible
contributions have a similar strength and this causes the
phase space to have a “L"-like shape.



10

E, = 0.5 GeV E, =0.5 GeV E, = 0.5 GeV
Id hadronic mode new hadronic mode 2020 Valenciamod

% 0.8 % 0.8 % 0.8

O O O

~ 0.7] ~ 0.7 ~ 0.7

IS IS IS

2 0.6} 2 0.6} 2 0.6}

T o T o @ o

& IS IS

S o S o S o

IS IS IS

o o o

5o 5o 5o

Q. o o

01 02 03 04 05 06 07 08 09 1
neutron momentum (GeV)

E,=1GeV

WS NN N N S PR S
01 02 03 04 05 06 07 08 09 1
neutron momentum (GeV)

E,=1GeV

NS NN FEETE NUTTE FETEE FEETE T ST S S
01 02 03 04 05 06 07 08 09 1
neutron momentum (GeV)

E,=1GeV

old hadronic model

proton momentum (GeV)
proton momentum (GeV)

02 04 06 08 1 12 14 16 18
neutron momentum (GeV)

E, =2 GeV

new hadronic model

02 04 06 08 1 12 14 16 18
neutron momentum (GeV)

E, =2 GeV

2020 Vaenciamodel

proton momentum (GeV)

02 04 06 08 1 12 14 16 18
neutron momentum (GeV)

E, =2 GeV

old hadronic model

proton momentum (GeV)
proton momentum (GeV)

OO 02 04 06 08 1 12 14 16 18 2
neutron momentum (GeV)

new hadronic model

OO 02 04 06 08 1 12 14 16 18 2
neutron momentum (GeV)

2020 Vaenciamodel

proton momentum (GeV)

OO 02 04 06 08 1 12 14 16 18 2
neutron momentum (GeV)

FIG. 4. Outgoing nucleon distribution do/d|pp|d|p.| (1072 cm?/GeV?) in the case of neutron-proton pair produced in the
final state for three different neutrino energies. In all cases, the target nucleus is '2C. The panel from left is for the old hadronic
model while the middle panel corresponds to the new hadronic model. The right panel corresponds to phase space generated
by the 2020 Valencia model obtained from the code provided by the authors of Ref. [18].

The left panel of Fig. 4 shows results obtained with
the hadronic tables of the new model but with the
old hadronic model [15] for nucleons. We observe that
the distribution is symmetric along the diagonal for
all neutrino energies. This is because of two major
assumptions in the old model. The first assumption is
that np and pn events are equally likely. The second
is that we assume a uniform polar angular distribution
of the nucleon pair in the center-of-mass frame for all
nucleon types. At E, = 0.5 GeV, we observe a peak
at |ppl, |Pn| ~ [0.35,0.45] GeV, attributed to the NA
mechanism. At higher neutrino energies, another peak

appears at |pp|, |pn| ~ [0.5,0.8] GeV, corresponding to
the AA mechanism.

The middle panel in Fig. 4 represents the performance
of the new NuWro hadronic model (see Sect.IIIB). We
observe that due to our assumption —determination of
the isospin of forward and backward nucleon —along with
the positive global fit values P,,, P, > 0 the peak is split
into two parts. We also observe that since Pnp ~ Ppn
the strength of assigning higher energy is similar in both
types of final state pair. We see that in this case an
agreement between the new NuWro model and the 2020



Valencia model is very good, especially for larger neutrino
energies.

C. FSI effects

In this section, we quantify the impact of FSI effects
on modeling the outgoing nucleons. We consider two
proton final state events as it constitutes a much higher
contribution to the total cross section. We look only at
leading protons since they are more likely to be detected.
In Fig. 5 we show the distribution of the momentum of

Before FSI N - - - old hadronic model
- —— new hadronic model
—— 2020 Vaencia model

distribution (1/GeV)

N R R S R M Lo
0.6 0. 1 1 14 1.6 18

8 2
leading proton momentum (GeV)
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o
N}
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»

FIG. 5. A distribution of events (normalized to unit area)
from pp nucleon phase space when projected on the x-axis
“leading proton momentum” for E, = 1 GeV (see middle row
of Fig. 3).

leading proton from three models discussed in the previ-
ous subsection at neutrino energy 1 GeV. The histogram
with yellow, magenta, and green lines shows results from
the new NuWro hadronic model, 2020 Valencia model,
and old NuWro hadronic model with new hadronic
tables respectively. The new hadronic model samples
more highly energetic protons similar to the 2020
Valencia model (orange line). The old hadronic model
(dashed-black outline) however, produces high energetic
nucleons at a significantly lower rate. We then pass
the outgoing nucleons through NuWro’s intranuclear
cascade (INC) model [36] to estimate the smearing effect.

Since the 2020 Valencia model does not account for
the FSI effects, we must use the re-weighting technique
to impose the FSI effects simulated by NuWro from the
results produced by the 2020 Valencia model. For this
purpose, we reproduce the nucleon phase space from the
2020 Valencia model within NuWro for any given neu-
trino energy. We do this by computing the scaling factor
of each bin in the nucleon phase space which is the ratio
of the number of events produced by the 2020 Valencia
model to the number of events produced by the new
hadronic model of NuWro in that bin. We then scale the
weights of the events that are within that specific bin by
the scaling factor and analyze the maximal proton after
FSI using NuWro’s cascade model. This makes events
with values of maximal proton after FSI among different
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bins more/less likely to occur based on the scaling
factor within the nucleon phase space. In this way,
the FSI effects are estimated for the 2020 Valencia model.

In Fig. 6 we show the distribution of momentum of

—— old hadronic model
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I 2020 Vaenciamodel
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FIG. 6. Distribution of momentum of leading proton after
FSI for £, = 1 GeV. The band around the curve represents
the uncertainties during modeling FSI effects.

leading proton from three investigated models after FSI.
The bands around the curves represent the uncertainties
in modeling FST effects estimated in Ref. [36]. We observe
that results from the 2020 Valencia model and its NuWro
implementation coincide within FSI uncertainties. Also,
both are significantly different from results from the old
hadronic model. This demonstrates that the treatment
proposed in this paper even if it is an approximation,
accounts for the most important features of this model.

D. Comparison to experimental data

In this section, we discuss the impact of modeling cor-
relations in outgoing momenta within NuWro by bench-
marking NuWro’s performance against recent cross sec-
tion results from MINERVA experiment [38, 39] obtained
with NuMI beam in low energy configuration (peak at
~ 3 GeV and a spread of ~ 2.5 GeV). The signal is de-
fined as an event with no pions, one muon, and at least
one proton, satisfying:

1.5GeV/c < p, <10GeV/c
0.45GeV/c < p, <1.2GeV/c

0, <20°,  (22)
6, <70°,  (23)

where p,, and 60, (p, and 6,) are the muon (proton) mo-
mentum and polar angle upon exiting the nucleus with
respect to the neutrino direction, see Ref. [39].

We tested two different parametrizations of the axial
form factor. In one case, we used the MINERvA
parametrization  [40, 41], and in the other, dipole
parametrization with the axial mass M4 set to
My = 1.03 GeV. We observed that varying the axial
form factor parametrization led to ~ 5% variation in the
differential cross section for quasi-elastic events, after



applying the selection criteria given in Egqs. (22-23).
All results presented in this article are based on the
MINERvA parametrization of the axial form factor.

In what follows we show results obtained with the new
NuWro MEC model and compare them with results from
the old NuWro implementation of the Valencia model.

In CC neutrino-nucleus interactions there is an
imbalance between the initial neutrino momentum and
the sum of final-state lepton and hadron momenta as
a result of nuclear effects. This imbalance is denoted
by ép. The transverse projection of this imbalance
opr is used to define various useful observables. One
of the observables defined using dpr is its direction
w.r.t the opposite of the transverse projection of the
muon momentum —p4 denoted by dar. In Fig. 7 we
present CClpOn differential cross section as a function
of dar (single-TKI). NuWro’s CCQE contribution is
computed using spectral function formalism. On the
top, contributions from individual NuWro interaction
modes are shown separately. On the bottom, we show
new and old MEC contributions. In the top panel, the
sub-plot (pink curve) shows the ratio of the differential
cross section, including all channels (with MEC modeled
as in Sect. IIIB), to that of the old NuWro model [15].
The bottom panel sub-plot represents the differential
cross section ratio for only the MEC channel.

The variable dar is sensitive to Fermi motion (FM)
and intranuclear momentum transfer (IMT) [38, 42].
The IMT accounts for all kinds of nuclear effects,
including correlations in the momenta of outgoing
nucleons and the final state interactions.  Without
nuclear effects, the isotropic nature of FM would yield
a uniform distribution of dar [38]. Clearly, both the
new and old models deviate from this uniformity. In
the new MC MEC model, large angular values of dap
are suppressed compared to old model (see the bottom
panel of Fig. 7). Based on the expression for dar
(see Ref.[39]), we infer that events with |p%| < |pf|
experience greater suppression in the new MC MEC
model. When considering only MEC, the effect of this
suppression is approximately ~ 20%. However, this
effect reduces to ~ 5 — 7% when all other channels are
also considered.

The separation between the IMT and the FM is
more clear when one considers the reconstructed neutron
momentum [43] exploring information also about the
longitudinal component of the observed proton. Data
points below |p,| < 0.25 GeV constrain the modeling
of FM. For |p,| = 0.4 GeV, data points constrain
modeling of IMT which arises from contributions like
pion absorption and np-nh, resulting in an extended tail
of the distribution. The transition region from FM to
IMT lies between this region. In Fig. 8 we show the
differential cross section in the same format as Fig. 7,
but for the reconstructed neutron momentum. Here
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FIG. 7. (Top) MINERvA CClpOr differential cross section
as a function of dar (single-TKI). For comparison, the old
NuWro MEC model (dashed line histogram) is also shown.
(Bottom) Contribution of MEC to the differential cross sec-
tion, modeled using NuWro implementation of 2020 Valencia
model. The experimental data are obtained from Ref.[38]
which is an updated version of Ref.[39].

when we consider only MEC (see bottom panel of Fig. 8,
the effects of replacing the old MEC model with the new
one produce two distinct results. The correlations in the
momenta within the 2020 Valencia model are modeled
such that the IMT contribution arising from 2p2h and
3p3h are heavily suppressed (~ 40%) at large values
|pn| 2 0.6 GeV. If one includes other channels, where
both MEC and RES have a dominant contribution, the
effect of MEC nucleon correlations is still ~ 20%. The
effect is opposite in the FM and transition regions where
the MEC cross section is enhanced, most importantly
at |pn| < 0.35 GeV. However, the effect is insignificant
when one adds contributions from other channels as well.

In Fig. 9 we present the differential cross section as
a function of dpr (single-TKI) with x,y projections in
the middle and bottom panel. Readers are encouraged
to refer to Eq.(5) and Eq.(12) of Ref.[38] for the defi-
nition of dpr and its x,y-projections. The peak region
[0pr| < 0.25 GeV comes from the FM while the tail
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FIG. 8. Same as Fig. 7 but for reconstructed neutron momen-
tum.

|0pr| = 0.4 GeV arises from pion absorption and np-nh.
In Fig. 9 (in the top left) we see that the tail of the
distribution is suppressed. This effect is quite significant
~ 40% when considering only the MEC channel, while
it is still around ~ 20% when considering the rest of the
interaction channels. This is consistent with what we
observe for dar where |pf.| < |p/| experience heavier
suppression. The difference in modeling MEC is also
visible in the x,y-projections of dpr. The effect is also
seen in the projection of these variables. In right most
panel of Fig. 9 we show the differential cross section for
opr,. We observe that the new model reduces the tails
and enhances the peak of the distribution (see top and
bottom rightmost panel in Fig 9).

The values of x? per degree of freedom for different ob-
servables are reported in the table I. We see that NuWro
with both new and old MEC models produces very good
results for the proton momentum. For most observables,
NuWro with the new MEC model performs slightly bet-
ter. The exception is |p,| where the new model works
poorly. It is important to remember that in the discussed
comparison we test the NuWro model as a whole with its
most important ingredients: CCQE, RES, MEC and FSI
effects always play an important role.
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TABLE I. The values of x? per degree of freedom for
the agreement between the NuWro simulations and the
MINERvA CClpOr data [38],[39]. Quasi elastic events are
generated using the spectral function approach. For RES,
momenta assigned to initial nucleons are drawn from effec-
tive spectral function (ESF).

Old MEC model New MEC model

do/dpy| 0.99 (24.76/25) 0.79 (19.72/25)
do/db, 1.73 (44.88/26) 1.62 (42.08/26)
do |ds®r 2.69 (61.78/23) 1.95 (44.82/23)
do /ds|pr]| 3.05 (73.10/24) 2.82 (67.68/24)
do Jdsar 1.76 (21.13/12) 1.63 (19.52/12)
do/d|py| 2.70 (64.85/24) 3.21 (77.09/24)

Next, we calculate x2 per degree of freedom for the
distributions of dpr, and dpz, in two regions namely
[0.2,0.2] GeV and [—0.7,0.7] GeV. The first region is
dominated by CCQE interactions, however, the second
region has a significant impact from different interaction
mechanisms including MEC. The calculated values are
provided in the table II. We observe that for the wider
region [—0.7,0.7] GeV which has a greater impact from
MEC modeling, NuWro performs slightly better with
the new MEC model for both dpr, and dpr,. However,
the accumulation of events at the origin of dpy, and
opr, observables within the new MEC model results in
NuWro performing poorly in this narrow peak region
[-0.2,0.2] GeV (see middle and bottom panel of Fig. 9).

In conclusion, this work highlights the sensitivity of
hadronic observables to how correlations in the momenta
of outgoing nucleons are modeled in multinucleon knock-
out models. It is important that theoretical exclusive
models for the 2p2h and 3p3h mechanisms are imple-
mented in MC generators used in neutrino oscillation ex-
periments.

V. OUTLOOK

In this article, we introduce a new multinucleon knock-
out model implemented in the NuWro Monte Carlo event
generator for the MEC channel. The new model focuses
on the different treatment of 2p2h and 3p3h mechanisms
and is based on the theoretical framework developed by
the Valencia group. The main goal of the new model is
to add correlations in the momenta of outgoing nucleons
based on different final-state nucleon pairs within 2p2h
mechanism and asses its impact when compared with
experimental data. The construction of the new MC
MEC model involves a nucleon sampling function that
requires two adjustable free parameters to simulate
correlations between the momenta of outgoing nucleons.
We show that new MEC hadronic model is important
for developing predictions of hadronic observables, which
can influence experimental measurements of neutrino
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respectively. The bottom panel shows the MEC contributions within respective observable.

TABLE II. The values of x? per degree of freedom for the agreement between the NuWro simulations and the MINERvA

CClpOr data [38, 39] for 0pr, and dpr,.

Old MEC model

New MEC model

-0.2-0.2 -0.7 - 0.7 -0.2-0.2 -0.7-0.7
(GeV) (GeV) (GeV) (GeV)
opr. 2.21 (17.69/8) 2.29 (64.25/283) 2.85 (22.77/8) 1.05 (54.49/28)
spr, 0.44 (3.51/8) 3.23 (90.44/28) 0.58 (4.63/8) 2.05 (57.55/28)

oscillation parameters. We would like to stress that the
approach we propose in this paper is quite general and
can be adopted in other neutrino Monte Carlo event
generators.

During this study’s final stage, we became aware of
the most recent publication by the Valencia group [19].
We expect that the versatility of our model will allow us
to incorporate these new changes into the Monte Carlo
generators using the methodologies outlined in this work
(see Sect. IIIB). The work in this direction is already
ongoing.
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Appendix A: Dynamic Pauli Blocking Condition
Derivation

Let 8 and « be the boost parameters that transform
the hadronic system (as described in section IIIB) from
the lab frame to the center-of-mass (CM) frame of the two
outgoing nucleons. Let (E;,p;) and (E}*", plaP) repre-
sent the 4-momentum of the backward outgoing nucleon
in the CM frame and the lab frame, respectively. The
Lorentz transformation between the two frames is given

by:

B 1) mo[m
pwb = |68y v O Dy, (A1)
pf}; 0 0 1 pjb

lab  lab
where p”‘z, i

and perpendicular components of p}j"b and py, the 3-
momentum of the backward nucleon in the lab and CM

p‘*‘b, and pj_b represent the parallel



frames, respectively. The expression for E}*P in terms of
CM frame quantities is given by

E =B + By, (A2)

For the backward nucleon, pﬁb =

cos* < 0. The condition E}f‘b > my + Er can then be
rewritten as

—p; - | cos0*| since

Ell)ab >my + Ep (A3)
= E; — Bypy - |cosO| >mpy + Ep (A4)
Ey — - F
= |cosf"| < M (A5)
By
Since |cos 0*| < 1, we have
cosf* € [—k,0]
B — —F
{Ii : Kk = min {1, w] }(AG)
By

A graphical representation of this restriction is shown
in Fig. 10. The shaded green region in the figure illus-
trates the allowed range of the cosine angle of the out-
going nucleon in the CM frame. The momenta p, and
py represent the backward and forward nucleons, respec-
tively. The red cone depicts vectors with the same polar
angle 0* but different azimuthal angles ¢*. This condi-
tion can be used to restrict the cosine angle of the nucleon
pair in the CM frame due to Pauli blocking of outgoing
nucleons.

—K K

3>

>
Direction of boost

A

FIG. 10. A schematic representation of the Pauli blocking
condition in the center-of-mass frame.

Appendix B: Nucleon sampling function
1. Function with two adjustable parameters

A general form of the sampling function used in this
paper is:

I+1 x|t
2k(l+1—nP) (1_P+P‘E‘> Pelo.l
flz) =
[+1

x|l
2k(l+ 1+ P) (1+P‘E‘> Pel-1,0
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1 —05 0 0.5 1
cos 0*

FIG. 11. Nucleon-sampling function (not normalized) as rep-
resented in Eq.(B1) obtained for for various values of (P,I)
at K = 1. Top panel shows f(cos#) for different values of
P > 0 and [ = 2. Bottom panel shows f(cos8*) for some
different P < 0 and n = 3.

The shape of the function is visualized in Fig.11. The
function takes two parameters, P and [, corresponding to
MEC_cm_direction and MEC_cm_strength, respectively.
The parameter P € [—1,1] controls the direction of the
outgoing nucleons relative to the boost direction: for
P = —1, nucleons perpendicular to the boost are pre-
ferred, while for P = 1, more parallel nucleons are se-
lected. As P increases, the probability of selecting par-
allel nucleons increases at the expense of perpendicular
ones, with P = 0 resulting in a flat distribution. The
parameter [ € N controls the severity of the selection:
for P > 0, increasing [ suppresses perpendicular nucleons
and enhances parallel ones, while for P < 0, it suppresses
parallel nucleons and favors perpendicular or slightly an-
gled ones. In the lab frame, for P — 1 and [ > 1, nu-
cleons parallel to the boost in the center-of-mass frame
lead to one high-momentum and one low-momentum nu-
cleon. For P — —1 and [ > 1, nucleons perpendicular to
the boost result in two nucleons with similar momenta in

(B1)the lab frame.



2. Function with five adjustable parameters

In the course of our study we also tried other methods
of defining the nucleon-sampling function. For example,
we considered a family of functions with five free param-
eters, namely a,b,c,r and s with » < s. The functional
form of such a function is given as

b—a
a+zx 0<z<r
c—>b
fl@)=NK)-¢ b+ (z—71) r<z<s
s—r
1-c
c+(x—s) s<wz <k
K — 8

where N (k) =

(a+b)yr+(b+c)(s—7)+(c+1)(k—29)
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The function in Eq.(B2) allows to model “hat”-shaped
type distribution which is not possible for any values of
(P,n) in Eq.(B1). The parameter space was defined for
the three final state pairs are {a,b,c € [0,1] and r, s(r <
s) € [0, k].} We found that this type of nucleon-sampling
function produces a Y%, q; very close to that produced
by two-parameters nucleon-sampling function for pp nu-
cleon phase space. The shape of f(x) produced by the
optimal parameters is very similar to the shape produced
by the two-parameter nucleon-sampling function.
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