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We present the results of semi-inclusive neutrino-nucleus cross sections within the plane wave impulse
approximation (PWIA) for three nuclear models: relativistic Fermi gas, independent-particle shell model,
and natural orbital shell model in comparison with the available CCOz measurements from the T2K,
MINERvA, and MicroBooNE collaborations where a muon and at least one proton are detected in the final
state. Results are presented as a function of the momenta and angles of the final particles, as well as in terms
of the imbalances between proton and muon kinematics. The present semi-inclusive formalism is based on
fully relativistic microscopic calculations and numerical integrations to produce both lepton and hadron
kinematics without relying on further approximations. The analysis reveals that contributions beyond
PWIA are crucial to explain the experimental measurements and that the study of correlations between
final-state proton and muon kinematics can provide valuable information on relevant nuclear effects such as

the Fermi motion and final-state interactions.
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I. INTRODUCTION

The study of neutrino oscillation is a valuable tool that
can be used for extracting neutrino mixing angles, mass-
squared differences, and the CP-symmetry violation phase
as well as for looking for hints of new physics beyond the
standard model in the electroweak sector [1,2].

The oscillation probability is a function of the neutrino
propagation distance and of its energy. In accelerator-based
oscillation experiments, the neutrino propagation distance
is well known. However, as these experiments do not use
monochromatic neutrino beams, the accuracy to which they
can extract neutrino oscillation parameters depends on their
ability to determine the energy of the incoming neutrinos.
This relies on a proper understanding of the scattering of
neutrinos with nucleons in the target and of the nuclear-
medium effects involved, which are among the most relevant
limiting factors for oscillation measurements [2-6].
Experimentally, the energy of incoming neutrinos is recon-
structed from the particles generated after their interaction
with the nuclear target. Therefore, to reduce the associated
systematic uncertainties, it is essential to be able to precisely
model neutrino interactions with nuclei, such as '2C, 1°0, or
40Ar, that are commonly used as targets. In some neutrino
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experiments, such as T2K or MicroBooNE, the events
detected at relevant energies are dominated by charged-
current (CC) neutrino-nucleon quasielastic (QE) scattering
interactions, where the neutrino removes a single nucleon
from the nucleus without producing any additional particles.
These reactions can be reasonably well approximated as
two-body interactions, and their experimental signature of an
identifiable lepton is relatively straightforward to measure.
However, other non-QE processes such as multinucleon
excitations—mainly the excitation of two-particle/two-hole
(2p2h) states—of the nucleus, where a charged lepton and
two nucleons are emitted, can mimic a charged-current
quasielastic (CCQE) event in the detectors, thus affecting the
reconstruction of the neutrino energy which assumes CCQE.
As aresult, the CCQE reaction is not directly accessible, and
what is experimentally measured are the so-called CCOx
events, i.e., CC interactions with a charged lepton and no
pions detected in the final state. Multinucleon excitations
together with initial-state nucleon-nucleon (NN) correlations
and other effects related to the propagation of the knockout
nucleons through the nuclear medium must be included in
the data analysis. The distributions of final-state lepton
kinematics have been widely measured for the CCOzx top-
ology [7-16], yet an accurate identification of the reaction
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channels related to the different nuclear processes described
above has been found difficult. This is because the lepton final-
state kinematics is largely affected by the nuclear dynamics.
In this context, one way to significantly improve the
reconstruction of the neutrino energy together with the
experimental systematic uncertainties is the analysis of
more exclusive processes where selection criteria are also
placed on the particle content of the hadronic system;
i.e., in addition to the final lepton as in purely inclusive
measurements, other particles are also detected. For exam-
ple, this is the case of semi-inclusive events in which the
lepton is detected in coincidence with one hadron in
the final state. Accordingly, the T2K, MINERvA, and
MicroBooNE collaborations are each performing measure-
ments of topologies involving one charged lepton detected
in coincidence with one or more particles in the final state
[17-21]. Also, forthcoming projects and experiments such
as SK-Gd [22], HyperKamiokande [23], and DUNE [24]
are making important efforts to improve the detection and
identification capabilities of final-state hadrons. Thus, it is
crucial to have realistic theoretical nuclear models for the
description of semi-inclusive processes, whose formalism is
more complex but that make possible to analyze nuclear
effects not accessible with inclusive processes that are
relatively insensitive to the details of the final nuclear states.
In Ref. [25], we presented a study of semi-inclusive CC
neutrino-nucleus reactions in the plane wave impulse
approximation (PWIA) for several nuclear models. In this
work, we apply this analysis to compare our predictions
with the available semi-inclusive experimental data where a
muon and at least one proton are detected in the final state.
Results are compared with recent data from the T2K [17],
MINERvA [18,19] (v, on '?C), and MicroBooNE [20,21]
(v, on 40Ar) collaborations. Although being aware of the
oversimplified description of the reaction provided by
PWIA, the present study is meant to be a first step toward
a more complete modeling and a useful benchmark for
more sophisticated calculations. Not only does the
|
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comparison with these data illustrate our methods, but it
also allows us to identify the kinematics where effects
beyond PWIA are expected to play an important role.

This paper is organized as follows. In Sec. II, we present a
summary of the general semi-inclusive neutrino-nucleus
scattering formalism in the PWIA and provide analytic
expressions of the flux-integrated fifth-differential semi-
inclusive neutrino-nucleus cross sections for three different
nuclear models: relativistic Fermi gas (Sec. II A), indepen-
dent-particle shell model (Sec. 11 B), and natural orbitals
shell model (Sec. I C). Given that neutrino collaborations
have presented the semi-inclusive experimental data as
function of different variables, in Sec. III, we define the
three sets of observables employed in experimental analyses
and give their expressions as function of the momentum and
angles of the particles detected in the final state, i.e., a muon
and a proton in all cases considered in this work. Next, we
present the comparison of our theoretical results with the
available semi-inclusive data from T2K (Sec. IVA),
MINERvA (Sec. IV B), and MicroBooNE (Sec. IV C).
Finally, in Sec. V, we summarize our conclusions.

I1. SEMI-INCLUSIVE NEUTRINO-NUCLEUS
REACTIONS FORMALISM

Following the theoretical work started in Refs. [26] and
[27], we studied in Ref. [25] the semi-inclusive neutrino-
nucleus cross sections in the PWIA for three different
nuclear models: the relativistic Fermi gas (RFG) model, the
independent-particle shell model (IPSM), and the energy-
dependent natural orbit (NO) model for '°C and “’Ar. Here,
we briefly summarize the main results of Ref. [25].

Assuming that a neutrino of momentum Kk interacts with
an off-shell bound nucleon of momentum p,,, exchanging a
charged boson W, and a lepton of momentum Kk’ is detected
in coincidence with an ejected nucleon of momentum py in
the final state, the semi-inclusive cross section of the
process in the factorization approximation is given by

7 de [ @ pannFision. )
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where G is the Fermi constant; 6. is the Cabibbo angle;
(¢,Qp) and (Ey,Qk) are the energies and scattering
angles of the final lepton and nucleon, respectively;
@ =k—¢ is the transferred energy; and q = k — Kk’ is
the transferred momentum. S(p,,,E,) is the nuclear
spectral function that describes the probability of finding
a nucleon in a nucleus A with given momentum (called the
missing momentum p,,) and with a given excitation energy

[

of the residual nuclear system A — 1 (called the missing
energy E,,). The kinematic factor v, and the reduced single
nucleon cross section .7-')2( are defined in Appendix A of
Ref. [25], and £ is the difference in recoil energies between
the residual nucleus with invariant mass W,_; and one
with minimum invariant mass M,_;. Note that Eq. (1)
depends on the neutrino momentum k, the final lepton
variables (k',8;, ¢;), and also the final nucleon variables
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(pn»> 0%, @%). For convenience, the neutrino direction is
chosen as the z axis; therefore, 6’5 is the angle between the
final nucleon and the incoming neutrino, and qﬁk is the
angle between the scattering plane (defined by k and k')
and the reaction plane (defined by k and py). The two &
functions that appear in Eq. (1) guarantee the conservation
of energy and momentum in the process.

In what follows, we briefly summarize the three different
nuclear models considered in this work, namely, the RFG,
IPSM, and NO, and obtain the analytical expressions for
the semi-inclusive neutrino-nucleus cross section in each
model, providing the explicit form of the spectral function
S(pm, E,,). The normalization of the spectral function is
chosen to be

_ 1 « 2 [
N—(zﬂpl dpmpmA dE,S(pm-En)  (2)

with N the number of nucleons that are active in the
scattering, i.e., the number of neutrons for the case of
neutrino scattering (CC,) and the number of protons for
antineutrinos (CCy).

A. Relativistic Fermi gas

In the Relativistic Fermi gas model the nucleus is
described as an infinite gas of free relativistic nucleons
that, in the nuclear ground state, occupy all the levels up to
the Fermi momentum k; while the levels above that are
empty. The Fermi momentum is the only free parameter of
the model. It is usually fitted to the width of the quasielastic
peak in electron scattering data and varies with the nucleus.
As proposed in Ref. [27], we consider a shift in the RFG
energies by a constant quantity in such a way that the last
occupied level in the Fermi sea coincides with the sepa-
ration energy -E,, defined as the minimum energy neces-
sary to remove a nucleon from the nucleus. This introduces
a second parameter in the model, E |, fitted to the position of
the quasielastic peak. By doing this, the nucleons in the
RFG model are no longer on shell because their free energy
is changed as

E=\/py+my— E—(Ep +E,) 3)

with E; = \/k% + m3, the Fermi energy. For this model,
the normalized spectral function is [27]

_3Q2n)*N

SreG (Pm-E) = 3 O(kp = pu)d(E-Er+E), (4)
F

where the Pauli principle is explicitly imposed by the ®
function and the energy conservation is imposed by the §
function.

Given a normalized neutrino flux P(k), with k represent-
ing the neutrino momentum, the flux-averaged

semi-inclusive neutrino-nucleus cross section for the
RFG model is

do
dK' dQudpdQk
_3N(GFCOSHCme/pN)2
B 8(2rmkp ) €' Ey
P(k 0 F2
Pl 0T o 0(on—k)  (5)

ko EB—pBCOSGB

with the neutrino momentum k, fixed by energy conser-
vation to

2 _ 2 2
k = kO _ EB PB my (6)
2(Ep — ppcostp)

and where we have defined the following auxiliary variables:

Pz =K' +pu, (7)
EB:E'/"‘ES‘FEF"_EN—I’V[N, (8)
ppcoslp = k' cos 0, + py cos 6. 9)

From momentum conservation, the missing momentum p,,
is given by

P2, = k3 — 2K'ky cos 0, + k"> + p3, — 2kopy cos 0%
+ 2k’ py(cos 0; cos 0% + sin 6, sin 0% cos k).

(10)

Note that both k, and p,, are completely determined by the
final-state kinematics.

B. Independent-particle shell model

In the IPSM, the bound nucleons are described by
wave functions that are solutions of the Dirac-Hartree
equation with real scalar and vector potentials and occupy
discrete energy levels —E,;;. The spectral function of this
model is [27]

Siesm (P> E) = Z(2j + Dnj(pm)8(E + Eg — Eyyj),
nl,j

(1)

where 7,,;(p,,) is the momentum distribution of a single
nucleon in a shell characterized by the quantum numbers
nlj. The flux-averaged semi-inclusive neutrino-nucleus
cross section for this model is then
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Ak Ay dpydQL, 32

P<k0nlj)
kOnlj

nl,j

UOf)%nnlj (Pm) (12)

with the neutrino momentum
kowj = € + Ey —my + Ey; (13)

and the missing momentum

ko,ll] + k% + p¥ — 2ko,;k' cos 6,
+ 2K py(cos 0; cos Ok + sin @, sin Ok cos %) (14)

— 2k cos Oy

fixed by the energy and momentum conservation. Notice
that, unlike the RFG case, for the IPSM, the final-state
kinematics does not correspond to a definite neutrino
energy. This is a consequence of the shell structure of
the spectral function.

C. Natural orbitals shell model

This model is similar to the IPSM, but it takes into
account NN correlations, defining the effects beyond the
mean field due to the very strong interaction between the
nucleons inside the nucleus that occur at short distances,
and the smearing of the energy eigenstates. It employs
natural orbitals, y;(r), defined as the complete orthonormal
set of single-particle wave functions that diagonalize the
one-body density matrix [28]:

= ZNil//?(r)l//i(r/)’ (15)

where the eigenvalues N;(0 < N; <1, . N; = A) are the
natural occupation numbers and A is the mass number.

The NO single-particle wave functions are used to obtain
the occupation numbers and the wave functions in momen-
tum space, i.e., the momentum distributions, and from them
the spectral function that is given by [29]

SNO(I)m’ g)

1 .
= mZ(zh + DNy (pw)*Lr, (€ = &),

(16)

where the dependence upon the energy is given by the
Lorentzian function

I';
+ (I;/2)?

with I'; the width for a given single-particle state and &; the
energy eigenvalue of the state.

Ll“i(g_gi) :E(g_g)z

(17)

The flux-averaged semi-inclusive neutrino-nucleus cross
section in this model is given by

do
dk' dQyy dp ydQE,
_ /dg(GF cos 6.k’ py)*myP (k)
B 8ke'Ey(27)’A
X Z 2]1 N |Wl(pm>|2LF (5 & )00‘7:2v (18)
where the neutrino momentum, for a given excitation
energy &, is

k:Es+EN+€/—mN+5 (19)
and

p2 = k> + k”? + p3, — 2kK cos 0, — 2kp cos 0%
+ 2k py(cos 0; cos 0% + sin 0, sin 0% cos ¢p%).  (20)

Note that in this case the integral over £ in Eq. (18) has to
be performed numerically because, unlike the IPSM, the
single-particle energies are not discrete.

Momentum distributions for the three nuclear models
considered are shown in Fig. 1 (bottom) for '°C. In the case
of “Ar, only two nuclear models are considered, namely,
RFG and IPSM, because NO wave functions for °Ar are
not available yet. The respective *°Ar momentum distribu-
tions for the two nuclear models are also shown in Fig. 1
(top). Notice the difference between the IPSM and NO
predictions for '>C in the region of low missing momentum.

III. EXPERIMENTAL OBSERVABLES

The main objective of this work is to compare all the
available semi-inclusive experimental data for different
experiments, namely, T2K, MINERvA, and MicroBooNE,
with theoretical predictions in the PWIA using different
nuclear models. The kinematics of the outgoing muon and
proton for semi-inclusive CCOz events is completely char-
acterized by the independent variables (k',0;, py, 0%, 9% ),
which will be called natural variables (NV). In addition to
these variables, we also introduce two more sets of variables
used in the experimental analyses: the transverse kinematic
imbalances (TKI) [19,30,31] and the inferred variables (IV)
[17], which will be defined in the following sections.

A. Natural variables

The first and more straightforward way to characterize
the final state is using the so-called natural variables
defined in Fig. 2. Taking the z axis as the incoming
neutrino direction, the final lepton momentum (k') forms
an angle 6, with the initial neutrino direction (k), and the
two vectors define the scattering plane (xz plane). After the
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FIG. 1. Momentum distributions for “°Ar (top) and '>C (bot-
tom) normalized according to Eq. (2) for the three different
nuclear models considered in this work, namely, RFG (blue
dashed), IPSM (red solid), and NO (green dot-dashed).

S

Scattering
plane

Reaction plane z

FIG. 2. Schematic representation of the definition of the natural
variables: K, 6;, py, 0%, and ¢%. The incoming neutrino (k) and
the final lepton (k') are contained in the scattering plane, while
the reaction plane contains the incoming neutrino and the ejected
nucleon.

interaction with the nucleus, a nucleon is ejected with
momentum py forming an angle 6% with the initial neutrino
direction. The final nucleon is contained in a plane called
the reaction plane (x'z plane), which is rotated by an angle
¢% with respect to the scattering plane.

This set of variables will be used in the results section to
analyze both semi-inclusive and inclusive CCOr; the latter
are obtained by integrating Eq. (1) over the final nucleon
variables.

The 3-momenta defined in the frame shown in Fig. 2 are

k = ke,
k' = k/(sin 6,e, + cosfe.),
Py = py(sin 6 cos pie, + sin 0% sin pie, + cos e, ).

(21)

B. Transverse kinematic imbalances

The TKI [30] are designed to enhance experimental
sensitivity to nuclear effects, and therefore discriminate
between different models, with minimal dependence on
the neutrino energy. In particular, the use of TKI can help
in disentangling effects linked to final-state interactions
(FSIs), initial-state correlations, and/or multinucleon exci-
tations (2p2h). They are defined by projecting the final
lepton and the ejected nucleon momenta on the plane
perpendicular to the neutrino direction (transverse plane) as
can be seen in Fig. 3.

More specifically, the vector magnitude of the momen-
tum imbalance (6p7) and the two angles (6 and d¢p7) are

Spr = |k + pY|,

-k’ -5
oar = arccos,TipT,
krépr
—K.. - N
Spr = arccosk,TiAI;T, (22)
TPT

where k. and p¥ are, respectively, the projections of the
final lepton and nucleon momentum on the transverse plane
(if the neutrino direction is taken as the z axis, then the
projections only have components in the xy plane). In the
PWIA, for which k’ + py = k + p,,, pr is the transverse
component of the initial nucleon momentum, and day is the
angle between the transverse projections of the initial
nucleon momentum and the transferred momentum q.
As shown in Ref. [30], in the PWIA limit, the Say
distribution is expected to be flat due to the isotropy
property shown by the nucleon momentum distribution
(Fermi motion). This result will be discussed in detail for
the different nuclear models and different experimental
kinematics in the next section. The presence of FSIs and
other effects beyond the impulse approximation break this
behavior (work along this line is presently in progress [32]).
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/ .
kp,.

Transverse
plane

FIG. 3. Scheme showing TKI: 6pr, dar, and 6¢pr. The final
lepton and nucleon momenta are projected on the plane
perpendicular to the neutrino direction (xy plane or transverse
plane). The transverse component of the transferred momentum
(q7) equals —Kk’ and defines the x axis.

The T2K and MINERvA collaborations measured single
differential cross sections with respect to TKI defined in
Eq. (22). These can be calculated by integrating the sixth-
differential semi-inclusive cross section in Eq. (1), given in
terms of the NV, over five of the six variables, after
performing the appropriate change of variables. Hence,
to compare with these data, we need to connect the two sets
of variables and evaluate the necessary Jacobians. The
details of these transformations are given in the Appendix,
leading to the expressions

dG H;nax ) kl/nax HILvmax )
=2 do,sin6, dk’ do%; sin 0%,
dopr gmin I gLmin

1 N

‘min

x /¢ Y dgk(d6) T ,0(py — PEMO(PE — p),

xmin
(23)
d gmax k;mx xﬂx
o :277:/1 delsinal/ dk//p de
déaT glmin k;ni" prlsin
¢§ max ' ‘
X / d¢1L\/<d5a>ja sin 0%@(9%/ _ HILV mm)
¢k min
X @(611(/ max __ 9110)’ (24)

max

do /9;"“ , /kém /pN
=2 de, sin 0 dk’ d
dégr g L] i TN

‘min N

gkmax
« / do% (d56) sin 0L, (25)
(%

L min
N

where (d°6) is the flux-averaged fifth-differential semi-
inclusive cross section

do
PoV=( — — 26
(o) <dk/dgk,dedQ§> (26)

and the Jacobians J » and 7, have been defined, respec-
tively, in Eq. (A4) and Eq. (A8). The integration limits are
either dictated by the kinematics or imposed by the
experimental cuts, as will be shown in results section.

C. Inferred variables

The T2K Collaboration also measured [17] single differ-
ential cross sections as function of the so-called inferred
variables, which compare the momentum and angle of the
ejected proton with the proton kinematics inferred from the
measured final muon kinematics under the so-called QE
hypothesis, i.e., initial nucleon at rest. In this approxima-
tion, the neutrino energy and the final proton momenta are
defined as

_ m%) - m% + 2El(mn - Eb) - (mn - Eb)2
2[m, — E, — E; + k' cos 0)]

E, (27)

and
pi = (—K'sin6,,0,—K cos6, + E,),  (28)

where the z axis corresponds to the neutrino direction; m,,,
m,, and m; are the neutron, proton, and muon masses; and
E, and E; are the nuclear binding energy fixed to 25 MeV
for '’C and the muon energy. Then, when a muon and
(at least) one proton are measured in the final state, we can
define three observables,

Ap = |py|— PY'].
AO = 6, — O,
|Ap| = |py — PY'I. (29)

with py the 3-momentum of the ejected nucleon, 6% the
angle between the final nucleon and the direction of the
incoming neutrino, and %' the angle between the neutrino
direction and the 3-momentum of the ejected nucleon in the
QE hypothesis defined as
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inf

Py -

—k' cos0, + E,

cos O = | mf|
p

inf (30)
|PNt|

The definition (29) of |Ap| can be expressed as a second-degree equation for py in the form p3, +2b'py + ¢’ =0 as

follows:

P+ 2pn (K sin 0% cos ¢k sin 0,

— E, cos 0% + k' cos 0% cos 0;) + k*sin?0, + (k' cos 0, — E,)* —

ApP = 0. (31)

Notice that, according to Eqs. (28) and (30), the definition of the inferred proton kinematics relies on the same QE
expression used, for example, in the estimation of neutrino energy at T2K oscillation measurements. Consequently, the
observed deviations from the expected proton inferred kinematic imbalance could provide hints of the biases that may be
caused from the mismodeling of nuclear effects in neutrino oscillation measurements at T2K [17].

For the inferred variables, the single differential cross sections can be defined following the same procedure used with

TKI in the previous section, yielding

dAp ;nin 9me

min

min

d| Ap | \['nin gL min

min

with 7, the Jacobian of the variable change py — |Ap],

_|_Ap
N PN+b/.

Opy
J|Ap|

Tny =‘ (33)

(On-pn)

As it happened for TKI, also in this case, the second-degree
equation (31) can have (see Appendix) zero, one, or two
valid solutions in the variable py (namely, belonging to the
interval [pin, pax]) In the latter case, the contributions
from both solutions must be summed.

IV. RESULTS

In this section, we compare our theoretical results based
on the PWIA with CCOz measurements of three neutrino
collaborations: T2K, MINERvA, and MicroBooNE. For
each experiment, we compare our predictions with inclu-
sive single or double differential cross sections as function
of the muon momentum and scattering angle. Next, we
show the semi-inclusive cross section results (CCOxlp
where a muon and a proton are detected in the final state)
as function of NV, IV, or TKI depending on the available
data from each experiment. As it was explained in Sec. III,
the main ingredient of our theoretical calculations is the
flux-averaged fifth-differential semi-inclusive cross section
function of the independent variables (k',0;, py, 0%, ¢% ).
To compare with experimental data, usually given as single
or double differential cross sections, we need to perform the
appropriate change of variables, if it applies, and integrate
numerically. All the theoretical results presented in this

dU g;nax kr 9L max " ) " ¢§d\/ max . s
=2~ do, sino, do%, sin 6%, Ak (d°6)O(py — pin)@ (P — py),
1% K

4)%] min

¢L max

d(7 HI]HHX de v
— =2 df,;sin0 d
dA9 T L’znin ZSln Z/ /mm pN‘/(/;

L min
N

d (&) sin 650(0% — 0 ™) 0 ™ — ok,

d o gmax L ax HL max ) ¢§ max
Ty =2 [ dosinoy [ aw [ dogsingg [ dih(@20) 7,000 = RO ). (32)

L min
()N

work were obtained by combining trapezoid and Gaussian
quadrature integration methods.

A. T2K

The T2K data sample [17] includes CCOz inclusive cross
sections without protons in the final state as a function of
final muon variables and CCOzlp semi-inclusive cross
sections with at least one proton and one muon in the final
state as function of NV, IV, and TKI. The phase-space
restrictions applied to the analyses as a function of each set
of variables are summarized in Table I.

Starting with the CCOz data, in Fig. 4, we show the flux-
averaged differential inclusive cross sections for '*C evalu-
ated for the three nuclear models considered, RFG (blue
dashed), IPSM (solid red), and NO (green dot-dashed).
Note that, as specified in Table I, only the outgoing
protons with momentum py < 0.5 GeV contribute to the
experimental signal. Accordingly, only these events are

TABLE 1. Final muon and proton phase-space restrictions
applied to the CCOx data shown by T2K Collaboration in
Ref. [17].

T2K K cos 0, DN cos 0% ¢%
Inclusive NV <0.5 GeV
Semi-inclusive NV >0.5 GeV

TKI >0.25 GeV > —-0.60.45-1.0 GeV >04 -

v >0.45 GeV >04 -
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above 0.5 GeV (top panel) and with momenta below 0.5 GeV
(bottom panel). Data taken from Ref. [17].

considered in the theoretical calculations performing the
integral over p, with an upper limit of integration equal to
0.5 GeV. Despite the very different momentum distribu-
tions for the three models, particularly for RFG, the
corresponding inclusive cross sections are rather similar
for cos 0; smaller than about 0.8, becoming more and more
different from each other as the scattering angle approaches
zero (i.e., small transferred energy), where the IPSM and
NO results are much higher than the data, whereas the RFG
ones stay close to the data. As discussed in Refs. [33-35],
the PWIA approach fails to describe lepton-nucleus scat-
tering reactions at low values of the momentum and energy
transfers. This is a consequence of the lack of orthogonality
between the bound and free nucleon wave functions and of
the large effects associated to the overlap between the initial
and final states. As already noticed, for the RFG model, the
cross section at very small scattering angles is reduced and
compares better with the data. This is the effect of Pauli
blocking, which is by definition included in the RFG model
and implies that the ejected nucleon must obey py > kp.
We expect that the orthogonalization of the initial and final
nuclear wave functions, as well as the implementation of
FSI, will bring the IPSM and NO results closer to the data

even for the smaller scattering angles. Work along these
lines is in progress [32].

In Fig. 5, we present the single differential inclusive
cross section do/dcos®; as a function of cos#; when
the integral over momenta of the ejected nucleon py <
0.5 GeV is performed (bottom panel) or restricting the
analysis to py > 0.5 GeV (top panel). Comparing the two
results, we can see that the difference between the RFG
and the other two models for 6, close to zero observed for
pn < 0.5 GeV is not present for py > 0.5 GeV. This is a
result of imposing a minimum value of the final proton
momentum, which is somehow equivalent to include Pauli
blocking effects, because the orthogonality problem of the
two shell models is hidden in this case by the experimental
constraint on the final proton momentum.

Moving now to the CCOx1p data, in Fig. 6, we present
single differential semi-inclusive v, —12.C cross sections
with respect to the NV for the three nuclear models
compared with available T2K data. Two different kinds
of cross sections are considered: in the two top rows, cross
sections are presented as functions of cos 6% in bins of
cos 0;, and in the two bottom rows, they are presented as
functions of py in bins of cos8; and cos 6% In all cases,
py 1s larger than 0.5 GeV (see Table I). As shown, the
uncertainty connected with the nuclear model is, in general,
small and comparable with the one obtained for inclusive
cross sections, taking into account that the experimental
constraints imposed mask the orthogonality problem of the
two shell models in the low-g area.

In general, the interpretation of the discrepancies and
agreements between our results and the data shown in
Figs. 4, 5, and 6 is not straightforward since the measured
cross sections are affected by multiple initial and final
nuclear state effects which cannot be easily separated in
the momentum and angular kinematic distributions. Note
that the theoretical results presented here only include the
quasielastic regime and are based on the PWIA, neglecting
FSI and 2p2h contributions, which will be implemented in
future work. A hint about the effects of these corrections is
offered by simulations performed using the NEUT gen-
erator shown in Ref. [17], in which the different effects of
adding FSI and 2p2h, as included in this generator, are
displayed. From this analysis, it is shown that FSIs increase
the events without any proton with momentum above
0.5 GeV, thus enlarging the cross sections shown in
Figs. 4 and 5 (bottom panel) and decreasing the cross
sections shown in Figs. 6 and 5 (top panel). The second
(2p2h), according to the NEUT simulation, affects equally
inclusive and semi-inclusive events by increasing the cross
sections, but as also happens for FSI, the effects for
different bins can be very different. In our model, the
complexity of the calculations makes it difficult to
predict how the cross sections will be modified by FSI
and/or 2p2h before detailed calculations with strong
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relativistic scalar and vector potentials in the final state are
performed (work in progress).

Next, we analyze the data in terms of the transverse
kinematic imbalances defined in Eq. (22). In Fig. 7, we
show the semi-inclusive cross sections as function of TKI
compared with the T2K data. As explained in Sec. III B,
this set of variables is designed to minimize the dependence
on neutrino energy [30]. Only for d¢7, results are shown to
depend more strongly on the kinematics of the incoming
neutrino [31]. In the absence of FSI, the momentum
imbalance is generated entirely by the description of the
initial nuclear state dynamics. In this approximation, py is
a direct measurement of the transverse component of the
bound nucleon momentum distribution. As can be seen in
the top panel of Fig. 7, the RFG cross section do/dépy
differs strongly from the other two, not only in magnitude
and position of the maximum but also in the fact that the
RFG distribution vanishes for dpr > kr as a consequence
of the Fermi condition. Although the position of the peak
looks correct for the IPSM and NO models, the corre-
sponding results overestimate the data in the low dp area
(below the Fermi momentum located around 0.23 GeV for
12C) and underestimate the data for high 8p;, indicating
that effects beyond PWIA might be essential to correctly
describe the data. In the middle panel of Fig. 7, we show the

cross sections as a function of day. In this case, the NO
prediction is a bit smaller than the RFG and IPSM ones,
but all models exhibit a flat distribution as was expected
due to the PWIA and the isotropy of the associated
momentum distributions. As it happened with 6py, for
oar, we also see that PWIA is inadequate to describe the
data. The inclusion of FSI and 2p2h contributions will
likely improve the agreement with data. Finally, we also
present the |5¢p| distributions in the bottom panel of Fig. 7,
showing few discrepancies between the different models
except for slightly smaller values of the cross sections
around |6¢p7| = 0 for the RFG and NO models and a wider
distribution for RFG compared with the other two models.
As happened with the other TKI, the PWIA does not give a
good quantitative description of the data, although in this
case it reproduces correctly the shape of the cross section.

To conclude with T2K analysis, in Figs. 8, 9, and 10, we
present the semi-inclusive cross sections as functions of the
inferred variables Ap, Af, and |Ap| in different regions
distinguished by a specific bin of muon kinematics. The
discrepancies between the different nuclear models depend
on the particular kinematics considered and are larger for
low values of the muon kinematic bin. Note that the region
of forward scattering angles refers to low values of the
energy and momentum transferred in the process. In this
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TABLE II. Final muon and proton phase-space restrictions
applied to the CCOx data shown by the MINERvA Collaboration
in Refs. [18,19]. Note that, in contrast with what the T2K
Collaboration does in Ref. [17], for MINERvA the same
restrictions are applied to the analyses of the single differential
cross sections as function of any kind of variables, i.e., NV
and TKI.

MINERVA K costy ¢y
All analyses 1.5-10 GeV >0.939 0.45-1.2 GeV >0.342 ---

cos b, PN

kinematical situation, the predictions based on the impulse
approximation are questionable, and ingredients related to
low-energy nuclear effects such as binding energies, Pauli
blocking, nucleon off-shell-ness, and collective effects can
be more relevant. In particular, this can be noticed in the
cases of Ap (left panels in Fig. 8) and |Ap| (Fig. 10). In the
latter, the discrepancy between the RFG and the IPSM/NO
models is remarkable. A similar comment applies also to
some specific kinematics in Fig. 8. On the contrary, the
three models lead to rather similar results for the cross
section as a function of A@ (Fig. 9). Our predictions are
consistent with the simulations shown in Ref. [17] for those
kinematical regions where effects beyond the impulse
approximation and FSI are expected to be minor. This
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FIG. 11.

corresponds to the quasielastic peak and sufficiently high
values of the transferred energy/momentum. This is clearly
illustrated in the results shown where some kinematics are
very well described by the model, even being based on
PWIA, whereas some other situations are completely off.
The latter correspond to kinematics where the simulations
show larger effects due to FSI and ingredients beyond the
impulse approximation. However, this analysis should be
verified by further theoretical calculations [32] where,
among other ingredients, FSI effects will be addressed
using different descriptions for the relativistic nuclear
potentials. The present study should be considered as a
first step in providing a consistent comparison between data
and a microscopic theoretical description of semi-inclusive
neutrino-nucleus scattering reactions.

B. MINERvA

Moving now to the comparison with the results pre-
sented by the MINERvA Collaboration, in Table II, we
summarize the constraints in the kinematics of the final
muon and proton applied to the data published in
Refs. [18,19]. In this case, we compare our results as
function of NV and TKI with the latest available data from
the MINERVA experiment.

In Fig. 11, we show the inclusive cross sections as
function of the final muon momentum and scattering
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The MINERVA single differential inclusive v, —!2.C cross sections as a function of the final muon momentum and scattering

angle (top) and as a function of the final proton momentum and polar angle (bottom) for the RFG (blue dashed), IPSM (red solid), and
NO (green dot-dashed) nuclear models. The original paper with MINERvA data was Ref. [18], but the data shown here were taken from
Ref. [19], which corrected a mismodeling in GENIE’s elastic FSI that affected the experimental data presented in the first paper.
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angle (top) and as function of the proton momentum and
polar angle (bottom) for the three nuclear models consid-
ered. There is not any significant difference between the
results in PWIA using the different nuclear models. In
addition to this, our results reproduce very well the results
generated by GENIE without FSI included in Ref. [18],
but systematically fall below the data. As pointed out in
Ref. [18], missing ingredients beyond the PWIA are

6x10-%9 T T T

4x10-%9

2)(10-39 -

do/ddpry (cm?GeV 'nucl™)

-1.0 -0.5 0.0 0.5 1.0
Oprx (GeV)

necessary to describe correctly the experimental data, with
a special mention to the area below 0% ~ 40° where pion
emission and reabsorption and 2p2h are, according to the
GENIE simulation, the main ingredients that contribute to
the large and long tail appreciated in the data.

In Fig. 12, we present the differential cross sections as a
function of TKI compared with MINERvA data. As we
already observed for T2K, the §p; distribution for the RFG

6x10-% T T T

4x10-%9

2x10-39 -

do/ddpr, (cm*GeV 'nucl™)

-1.0 -0.5 0.0 0.5 1.0
Spry (GeV)

FIG. 13.  The MINERvA CCOz1p single differential v, —12 C cross sections as a function of the projections of §py in the x axis (left)
and in the y axis (right) for the RFG model (blue dashed), IPSM (red solid), and NO (green dot-dashed). Data taken from Ref. [19].
Notice that the convention used in Ref. [19] to define the x and y axis is the opposite of the convention used in this paper to define them,

which is shown in Fig. 3.
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TABLE III.

Muon and proton phase-space restrictions applied to the CCOz data shown by MicroBooNE collaboration in Refs. [20]

(MicroBooNE A) and [21] (MicroBooNE B). Here, A, y is the opening angle defined as the angle between the muon and the proton,
and §pr is the momentum imbalance in the transverse plane defined in Eq. (22).

MicroBooNE A K cos PN cos 0% % AG; y Spr

All analyses >0.1 GeV 0.3-1.2 GeV

MicroBooNE B

All analyses 0.1-1.5 GeV  —0.65 <cosf; <0.95 03-1.0GeV  >0.15 145-215° 35-145° 6pr < 0.35 GeV

model differs from the other two models in the position of
the peak and strength. This was expected because the
momentum distribution of the RFG model is very different
compared with the other two and Sp7 in the PWIA is the
transverse component of the bound nucleon momentum
distribution. Also, as observed for T2K, in this case,
the dar distribution is flat, as expected in the PWIA.
Simulations using GENIE shown in Ref. [18] shed light on
the differences observed between the data and the PWIA
results, which are attributed to effects beyond the PWIA.
Finally, note the theoretical prediction compared with data
in the case of the cross section as a function of |5¢7|.
Whereas the PWIA overestimates data at low |5¢7|, the
reverse occurs for increasing |6¢;| where the tail shown by
data is completely absent in the PWIA results.
MINERVA also measured cross sections versus the x
and y projections of the momentum imbalance along the
Cartesian coordinate system shown in Fig. 3. Following the

8x10-% T T

610739

4x10-39

2x10-%9

do/dk' (cm?GeV "nucl ™)

K (GeV)

1x10-38 T T T

8x10-39 3

6x10%9 |

4x10%9 }

2x10%9 | :

do/dcos(6)) (cm?nucl™)

90 05 0.0 05 10
cos(6))

definition given in Eq. (22), the x and y components of the
3-momentum imbalance are

Spre = K'sin@; + py sin 0% cos ¢k, (34)

Spry = py sin 6 sin ¢ (35)

In Fig. 13, we compare our results for the differential cross
sections as a function of the components of the momentum
imbalance with MINERvA data. If the interaction occurred
on a free nucleon, then we would expect a delta function
at 6pr = 0 because the muon and proton final states would
be perfectly balanced in that case, as required by momen-
tum conservation. As shown in Fig. 3, the initial and
final leptons are contained in the xz plane, and so is the
momentum transferred by the incoming neutrino.
Therefore, in the PWIA, 6py, does not depend on any
leptonic variable [see Eq. (35)] and is exactly the projection

1x10-38

8x10-39

610739

4x10-%°

2x10-%9

do/dpy (cm?GeV "nucl™)

0

04 0.6 08 1.0 1.2
pn (GeV)

8x10-%9

6x103 |

4x1039 |

2x109}

do/dcos(8y") (cm?nucl™)

cos(6y")

FIG. 14. The semi-inclusive CCOx 1p single differential v, —40 Ar cross sections as function of final muon and proton kinematics for
the MicroBooNE A dataset. Experimental data were taken from Ref. [20], and phase-space restrictions applied are summarized in
Table III.
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FIG. 15. The semi-inclusive CCOz 1p single differential v, —40 Ar cross sections as function of final muon and proton kinematics for
the MicroBooNE B dataset. Experimental data were taken from Ref. [21], and phase-space restrictions applied are summarized in

Table III.

on the y axis of the initial nucleon momentum. Because of
the isotropy of the nucleon momentum distribution, the
opry distributions obtained in Fig. 13 for all nuclear models
are symmetrical around 6py, = 0, and the widths of the
peaks are only the result of the Fermi motion. On the other
hand, dp7, also depends on the final lepton kinematics, as
seen in Eq. (34). This produces a very slight shift of the
peaks toward positive values of dpr,. Results in the PWIA
are able to reproduce correctly the position of the peak but
fail to match the long tails appreciated in the experimental
data and also overestimate some of the data around the
peak. Contributions beyond PWIA may reduce the dis-
crepancies observed in the present analysis.

C. MicroBooNE

In the previous sections, we have compared and analyzed
experimental data of muon neutrinos on '>C published by
the T2K and MINERvA collaborations. The MicroBooNE
Collaboration has also published CCOz1p flux-integrated
differential cross sections of muon neutrinos on “°Ar
[20,21] as functions of the final particle momenta and
angles. Next, we present results compared with two sets of
experimental measurements published by MicroBooNE.
The kinematic constraints imposed in the two measure-
ments are summarized in Table III.

In Fig. 14, we show single differential v, —*" Ar cross
sections as function of muon momentum and scattering
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angle (left panels) and as function of proton momentum
and polar angle (right panels) for two nuclear models, RFG
and IPSM, compared with data shown in Ref. [20]. It is
remarkable to point out how well the PWIA calculations
reproduce the shape and magnitude of data. However, this
does not contradict the important role that FSI and 2p2h
contributions can play in the description of data for some
kinematics according to GENIE simulations [20].

To go deeper in the analysis of MicroBooNE data, in
Fig. 15, we present again single differential v, —40 Ar cross
sections as function of muon momentum and proton
momenta and polar angle but now compared with exper-
imental data shown in Ref. [21]. As explained there, the
phase-space restrictions, which are summarized in
Table III, were set to enhance CCQE interactions and to
restrict the signal to the region where the detector response
is well understood. Results are presented as a function of
the muon momentum, the proton momentum, and polar
angle, for two bins of cos®;, namely, —0.65 < cos 8, <
0.95 (left panels) and —0.65 < cos 8, < 0.8 (right panels).

Although both the RFG and the IPSM model overesti-
mate the two sets of data, the disagreement is larger in the
left plots, where the muon scattering angle reaches smaller
values. This is because in both models the cross section
peaks in the area defined by 0.8 < cos 6; < 0.95, as shown
in Fig. 16. This region corresponds to low values of g and
w, and excluding the contribution of this small-6; zone will
produce a reduction of the cross section. This is clearly
observed by comparing theoretical predictions in the left
and right panels in Fig. 15, and it is clearly in contrast with
the data that only show a minor reduction when restricting
the analysis to cos®; < 0.8. This different behavior of
theoretical predictions and data is consistent with the
significant discrepancy shown in Fig. 16 in the region
of very small lepton scattering angles. A more careful study
of this low-6, region is needed before more definite
conclusions can be drawn.

6109 1

4x1039 1

2x1039 1

do/dcos()) (cm?nucl™)

-1.0 -0.5 0.0 0.5 1.0
cos(6))

FIG. 16. The semi-inclusive CCOz1p single differential v, —40
Ar cross sections as function of cos 6; for the MicroBooNE B
dataset. Experimental data were taken from Ref. [21], and phase-
space restrictions applied are summarized in Table III.

V. CONCLUSIONS

In this paper, we have analyzed all the available semi-
inclusive CCOx experimental data where a muon and at
least one proton are detected in the final state from T2K,
MINERvA, and MicroBooNE neutrino collaborations. We
have restricted ourselves to the plane wave impulse
approximation; namely, ejected nucleons are described
as plane waves, and only one-body current operators are
considered. To describe the nuclear dynamics, we have
used three different nuclear models: the relativistic Fermi
gas, the independent-particle shell model with fully rela-
tivistic Dirac wave function, and the natural orbitals shell
model which includes NN correlations.

Analytic expressions for the flux-averaged semi-inclu-
sive cross sections for the three nuclear models are given as
function of the momenta and angles of the muon and the
proton detected in coincidence in the final state. Given that
the experimental results were presented using different sets
of kinematic variables, we have outlined the definition of
each set, namely, transverse kinematic imbalances and
inferred variables, and the explicit relationship between
them and the final muon and proton momenta and angles
measured in the laboratory system, denominated natural
variables in this work.

Theoretical predictions for the cross sections as a
function of the muon and proton momenta and angles
show very little dependence upon the specific nuclear
model used in the PWIA. Specifically for T2K, differences
appreciated in Fig. 4 are related with the fact that [IPSM and
NO models produce a much larger cross section than the
data in the low momentum and energy transferred in the
PWIA. Great caution must be taken when looking at semi-
inclusive results presented in Fig. 6 because, although it
might look like the theoretical predictions describe cor-
rectly some of the data, FSI and 2p2h contributions are not
included. It is important to notice that FSI effects may
reduce the cross section at forward angles and low (¢, ®)
kinematics [35], being less relevant as one moves to higher
(¢, ) values and backward angles. On the contrary, the
absent 2p2h contributions may be approximately 15-25%
of the cross section at low and intermediate kinematics
[36]. Thus, the FSI and 2p2h contributions, not included in
this work, can compensate each other at low-intermediate
kinematics, producing similar results to the current ones
based on PWIA. On the contrary, at higher kinematics, the
effects of FSI are expected to be negligible, whereas the
2p2h contributions would increase the present results. More
definite conclusions on the analysis will be drawn once
these effects, FSI and 2p2h, are included in the general
study (work in progress [32]). Accordingly, MINERVA
results shown in Fig. 11 fall below the data for almost any
value of the kinematic variables used. This difference can
be attributed to contributions beyond PWIA [18]. In fact,
the kinematics implied in MINERzvA makes it possible to
conclude that effects associated to FSI and 2p2h will be
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crucial to improve the agreement with data. For
MicroBooNE, results presented in Fig. 15 fall above the
data even after excluding the contribution of cos @, > 0.8.
We observe reductions of the cross sections similar to those
obtained using Monte Carlo simulations when the events
with cos 6, > 0.8 are excluded, although the lack of effects
beyond PWIA in our calculations does not allow us to find
the root cause of the discrepancies between the results and
the experimental data.

Concerning the use of variables linked with correlations
between the muon and proton in the final state like the
transverse kinematic imbalances, in the PWIA, dpy is the
projection in the transverse plane of the bound nucleon
momentum,; therefore, different momentum distributions will
produce different p distributions. As shown in Figs. 7, 12,
and 13, the o p7 distributions obtained using the RFG model
are different from the ones obtained using the other two
nuclear models. However, day distributions obtained with the
three nuclear models are similar in magnitude and shape,
being all flat due to the isotropy of the momentum distribution
and the absence of FSIs in our calculations.

We start from a full semi-inclusive model based on
the relativistic mean-field theory that produces a five-
dimensional cross section which fully describes both lepton
and hadron kinematics. To compare with the corresponding
one- and two-dimensional experimental cross sections, a
change of variables, if necessary, and numerical integra-
tions are subsequently performed. This semi-inclusive
framework makes a difference with other approaches
implemented in Monte Carlo event generators because it
does not rely necessarily on any factorization methods
when FSIs are included. Work is in progress to include
RMF descriptions in these generators.

To conclude, semi-inclusive neutrino-nucleus reactions
where a muon and one proton are detected in the final state
can be used, with the right selection of experimental
observables, to identify relevant nuclear effects related to
both the initial-state dynamics and to final-state inter-
actions, as well as to two-particle/two-hole excitations
and thus improve the reconstruction of the neutrino energy.
The picture of the interaction drawn by the PWIA is an
oversimplification of such complex processes, but it helps
very much in providing a clear connection between nuclear
modeling and experimentally interesting variables used in
the analysis of data. Moreover, it is also a good starting
point that highlights the importance of contributions
beyond the PWIA necessary for the correct description
of the available experimental data. Work is in progress to
extend the present analysis using more sophisticated
descriptions of the final nucleon dynamics based on the
relativistic mean field and also adding 2p2h contributions.
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APPENDIX: CONNECTION BETWEEN
TKI AND NV

In this Appendix, we deduce Egs. (23), (24), and (25),
which are the single differential cross sections with respect
to the transverse kinematic imbalances defined in Eq. (22).

Starting with épr, we get

Sp2 = (K'sin@,+ py sin@k cospk ) + (py sindk singk ),
(A1)
which can be written as a second-degree equation for py in
the form ap3, + 2bpy + ¢ = 0 with coefficients given by
a = sin?6%,
b = k' sin @, sin 0% cos ¢,
¢ = kK%sin’0; — 5p3. (A2)

Changing py — dpr and integrating the flux-averaged
sixth differential cross section over all the other variables,
we obtain the single differential cross section as function
of 6pr,

do_ Gllnax ) k;nax GILV max )
=2z do, sin 6, dk’' dok; sin 0%
dopr gmin I gL, min

1

(/)[L\/ max
x / deph x
d)IL\/ min

x O(py — PN™MO(PN™ — py).

(d°c) x T,
(A3)
with 7, the Jacobian at fixed (6. ¢y) expressed as

Ipn
d(dpr)

7, (A4

_ opr '
apy +b

(On-Pn)

and (d°c) the flux-averaged fifth-differential semi-
inclusive cross section. Note that the integrals in
Eq. (A3) are performed between general minimum and
maximum values. As can be seen in the results section,
different kinematic constrains are imposed by the different
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neutrino collaborations that need to be taken into account
when calculating theoretical predictions to compare with
experimental data. Moreover, given a set of variables
(K',0,,8pr, 0%, ¢%), the solution of the second-degree
equation for p, can give no, one, or two valid solutions,
understanding a valid solution as a real positive number that
fulfills p»™ < py < pm. In case of multiple valid sol-
utions, their contributions to the cross section are summed.
Moving to the next variable, dar, we find

—(K'sin@; + py sin 0% cos ¢%))

opr (A3)

cos dar =

d gmax k:nax pmax
° —27z/’ do, sine,/ dk’/ Y de/
déaT omn I piin p

min

with 7, the Jacobian of the change 65 — Sa; given by

o0%
8 oa T

(1 + tan*Say) tan % sin ¢
tan Sar (= sin ¢%, — tan Sag cos @)

..

(A8)

For a fixed set of variables (K0, py,dar, ¢%), the
value of 6% is calculated following Eq. (A6). To be
considered as a valid solution, it must satisfy Eq. (AS5)
and g5 min < gk < g max,

Finally, 5¢; can easily be linked with ¢%. Following the
definition given in Eq. (22),

L ma
{/)N *

with dpr given in Eq. (Al). Squaring both sides of this
equation and solving for 6%, we get

k' sin 0, tan da

, A6
pu (£ sin @k — tan Sag cos ¢k) (A6)

i gL —
sin Oy =

where =+ arises after taking square root. Therefore, the

single differential cross section can be expressed as
Ak (50T, sin 650 (6% — 05 ™™ O(6% ™ — 6%) (A7)
Spr = ¢y — . (A9)

Henceforth, the single differential cross section as function

of o¢pr is

d Hmax kl/“ax pmax

¢ zzﬂ/’ de,sine,/ dk// Y dpy
dogr omin ¥ piin

min

HILV max
X /  db%(d°c) sin .
91‘ min

N

(A10)
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