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We present a set of new generalized kinematic imbalance variables that can be measured in neutrino

scattering. These variables extend previous measurements of kinematic imbalance on the transverse plane

and are more sensitive to modeling of nuclear effects. We demonstrate the enhanced power of these

variables using simulation and then use the MicroBooNE detector to measure them for the first time. We

report flux-integrated single- and double-differential measurements of charged-current muon neutrino

scattering on argon using a topology with one muon and one proton in the final state as a function of these

novel kinematic imbalance variables. These measurements allow us to demonstrate that the treatment of

charged current quasielastic interactions in GENIE version 2 is inadequate to describe data. Further, they

reveal tensions with more modern generator predictions particularly in regions of phase space where final

state interactions are important.

DOI: 10.1103/PhysRevD.109.092007

I. INTRODUCTION

All current and upcoming accelerator neutrino oscil-
lation experiments rely on the precise modeling of
neutrino-nucleus interactions to perform high-accuracy
measurements [1-6]. The experimental sensitivity of these
measurements can be limited by interaction modeling
uncertainties related to nuclear effects [7,8]. Significant
progress has been made in understanding these effects and
improving their modeling in neutrino event generators.
Yet, outstanding tensions between measurement and
theory still remain unresolved [9—11]. A major challenge
in the study of neutrino-nucleus interactions originates
from the wide-band accelerator neutrino beams since
nuclear effects cannot be easily disentangled when aver-
aged over a broad energy spectrum. Examples of these are
Fermi motion, final state interactions (FSI), and nucleon-
nucleon correlations. However, it has been shown that
kinematic imbalance variables in the plane transverse to
the neutrino direction of travel are powerful tools that can

“microboone_info@fnal.gov

be used to separate these nuclear effects, while minimiz-
ing the correlation to the neutrino energy [12].

In this work, we extend these measurements to gener-
alized kinematic imbalance (GKI) variables by considering
the longitudinal components along the beam direction. We
illustrate with generator-level studies that these generalized
variables achieve improved sensitivity to nuclear effects.
Furthermore, we present the first flux-integrated single- and
double-differential cross section measurements for muon-
neutrino charged-current (CC) reactions on argon (v,-Ar)
as a function of these generalized variables. Here we focus
on reactions where a single muon-proton pair is recon-
structed with no additional detected particles, similar to
previous measurements [13,14]. We refer to these events as
CClpOz, and they are dominated by quasielastic (QE)
interactions as it is required that there are no pions above
the detection threshold. The results reported here use the
MicroBooNE detector [15] with an exposure of 6.79 x 10?°
protons on target from the Booster Neutrino Beam (BNB)
[16] at Fermi National Accelerator Laboratory.

In Sec. II we define the GKI variables. Section III shows
the enhanced sensitivity of GKI variables to nuclear effects
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by presenting comparisons to their transverse plane equiv-
alents. In Sec. IV we present the first flux-integrated single-
and double-differential cross section measurements in these
variables using v,-Ar CClp0z interactions recorded by the
MicroBooNE detector. Finally, conclusions are presented
in Sec. V.

II. OBSERVABLES

Variables based on the transverse kinematic imbalance
are powerful discriminators between interaction models
as reported by multiple experiments using a number
of final states [12-14,17-22]. The simplest case is for
charged current quasielastic (CCQE) interactions, where
the final state can be characterized by a muon with
transverse momentum p% and a proton with transverse
momentum p¥. To extend to other hadronic final states, the
proton’s momentum is replaced with the momentum of the
combined hadronic system. In this work, however, we
assume a final state containing only a muon and a proton.
The kinematics of the two particle final state on the
transverse plane can be fully characterized by a magnitude
Spr = |6pr| = |Pr + D%, as well as two angles,

- =D
1 ~Pr - Pr
S¢pr = cos 1<“> 1
" AR M
—>uU -
_(—P7r0Pr
Sar = cos™! (ﬁ) (2)
\Prl6p7]

The muon transverse momentum (%) is equal and opposite
to the transverse component of the momentum transfer to
the nucleus (g7). The vector §p; is the struck nucleon
transverse momentum and should be zero in the absence of
initial state nucleon transverse momentum and FSI. Any
nonzero value of §p; can therefore be described as the
missing transverse momentum (or rather, the negative
thereof). Fermi motion inside the nucleus produces nonzero
values of §p for QE interactions. However, more complex
interactions, namely meson exchange currents (MEC),
resonance interactions (RES), and deep inelastic scattering
events (DIS) can still yield events with only a muon and a
proton. This can be the case due to FSI, such as pion
absorption, and such non-QE events populate the region
above the Fermi momentum.

The variable 6¢7 corresponds to the angle between the
transverse momentum transfer vector and the final state
transverse proton momentum ( ﬁ’T’). These vectors would be
aligned in the case of a free stationary nucleon target and
this angle would be zero. Small values of 6¢; are produced
by initial state motion, while larger values are indicative to
FSI. The angle da; is defined between the transverse
momentum transfer vector (— p4) and the transverse miss-
ing momentum vector (§p7). The angle is sensitive to FSI
but much less sensitive to initial state nucleon motion. In
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FIG. 1. (a) Representation of the kinematic imbalance variables
on the transverse plane and (b) alternative representation using
the projections parallel and perpendicular to the transverse
momentum transfer vector. The finely dashed lines correspond
to the direction of the momentum transfer (blue) and the proton
(orange). The z axis corresponds to the neutrino direction of
travel.

the absence of FSI, day does not have a preferred
orientation and yields a fairly flat distribution. A repre-
sentation of the kinematic imbalance variables on the
transverse plane is shown in Fig. 1(a).

A more recent investigation identifies an alternative
representation of the transverse missing momentum vector
using the projection components perpendicular and parallel
to the momentum transfer [19] [see Fig. 1(b)], given by

Sprx = (Zx pr) - 6pr. (3)

5PT,y = —IA)!; : 51_5T- (4)

These are the components of §p; perpendicular and
parallel, respectively, to the transverse momentum transfer
vector.

The interpretation of these variables on the transverse
plane can be generalized to their three-dimensional equiv-
alents. To do this, the longitudinal components of the
missing momentum and momentum transfer vectors are
required, and therefore, an assumption of the incoming
neutrino energy has to be made. An initial attempt to
perform this generalization is reported in Ref. [23] and first
measured in Ref. [18], which assumes that a neutrino
interacts via a CCQE interaction with a bound stationary
neutron at rest inside a nucleus. This formalism was
expanded to other final states in [24,25]. This is then used
to obtain an estimate for the neutrino energy and the three
components of the missing momentum vector, labeled p,,.
Related studies that consider the longitudinal components
are included in [21,26].

We present a slightly different formalism which relies on
conservation of energy and momentum. For the notation
presented below, the speed of light ¢ is assumed to be unity.
For a massless neutrino, if the entire final state is visible,
then the total visible energy and the longitudinal momen-
tum will be the same. The “calorimetric visible energy” is
constructed as the primary neutrino energy estimator,
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E,=E,+K,+B, (5)

where E, is the total muon energy, K, is the proton
kinetic energy, and B the argon removal energy set to
30.9 MeV [27].

The second estimator of the neutrino energy is the total
momentum along the neutrino direction of travel. This
should be equal to the calorimetric energy if all final state
particles have been observed and the target nucleon is at
rest. Therefore, the difference between the total longi-
tudinal momentum and the calorimetric energy provides the
longitudinal component of the missing momentum [28],

pr=p} + i — Eca (6)

where p’,f(p ) is the longitudinal component of the muon
(proton) momentum vector. This definition of p; is numeri-
cally very close to that in Ref. [23], but it enables a trivial
generalization to other final states without having to make
an assumption about the underlying interaction.

The missing momentum vector p, is obtained as the
vector sum of the transverse missing momentum 5p; and
the longitudinal component p; . Under the assumption that
FSI are weak or absent, the definitions given here produce a
vector that aligns with the initial struck neutron momen-
tum, consistent with the definitions used in previous work
[23]. Assuming a neutrino is traveling in the z direction of a
detector coordinate system, the momentum transfer g of the
interaction is derived as the difference between the inferred
neutrino and the muon momentum vectors

Z]) =EqZ — 15/4- (7)

With these definitions, we generalize the transverse
missing momentum variables to three dimensions [see
Fig. 2(a)] to be

Pu = |Pal = \/ PL + 6P7. (8)

- =(”) )
1g]1Ppl

a3D:cos_1<(£.€">. (10)
G P]

The vector p,, accounts for the missing momentum and is
an estimate of the initial struck nucleon momentum when
all the particles are reconstructed; ¢ is the opening angle
between the total momentum transfer vector g and the
proton momentum vector pP; and azp is the angle
between the momentum transfer vector ¢ and the missing
momentum vector p,. These variables are the three-
dimensional analogues to the ones on the transverse plane
[_7)7‘, 5&7‘, and 5¢T

/

y
D
(a) (b)

FIG. 2. (a) Representation of the generalized kinematic im-
balance variables and (b) alternative representation using the
projections parallel and perpendicular to the missing momentum
vector. The z axis corresponds to the neutrino direction of travel.

Likewise, the alternative representation on the transverse
plane can also be extended to three dimensions [Fig. 2(b)],
in the form

Pnlx = (&sz)'l_jn’ (11)

Pniy = (QX (flsz))'ﬁni (12)

Pnt = \/ (Pn1s)® + (Pury)? = |palsin(asp),  (13)

Pull = 4 Pn = |Pal cos(asp). (14)

Here, p, (p,1) is the component of the missing momen-
tum vector parallel (perpendicular) to the momentum
transfer vector, p,|  (p,1y) is the component of p,, in
the neutrino-muon scattering plane (perpendicular to the
neutrino-muon scattering plane), g is the unit vector aligned
with g, g is the unit vector aligned with the transverse
component of ¢, and 2 is the unit vector aligned with the
neutrino direction of travel (the z axis).

These variables have been defined for a CCQE inter-
action with only a muon and a proton in the final state,
however, this is easily extended to other final states by
summing the hadron momenta and adjusting the assumed
binding energy, depending on the nucleon multiplicity. It is
worth noting that Eqs. (10)-(14) are introduced for the first
time in the literature.

III. GENERATOR COMPARISONS

To demonstrate the power of these novel variables,
we use the CClpOz signal definition included in
Refs. [13,14] with several commonly-used neutrino inter-
action generators and model configurations, convoluted
with the MicroBooNE v, flux prediction [16]. The
CClpOz signal definition used in this analysis includes
all v,-Ar scattering events with a final-state muon with
momentum 0.1 < p, < 1.2 GeV/c and exactly one pro-
ton with 0.3 < p, <1 GeV/c. Events with final-state
neutral pions at any momentum are excluded. Signal
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TABLE I. Generator and configuration abbreviations used.
Name Generator/Configuration

Gv2 GENIE v2.12.10 [31,32]

Gl18 GENIE v3.0.6 G18_10a_02_11a [33]
GI8T G18 with tune [29]

G21 GENIE v3.2.0 G21_11b_00_000 [33]
GiBUU GiBUU 2021 [34]

NuWro Nuwro v19.02.1 [35]

NEUT NEUT v5.4.0 [36]

events may contain any number of protons below
300 MeV/c or above 1 GeV/c, neutrons at any momen-
tum, and charged pions with momenta lower than
70 MeV/c. A number of simulation predictions used
for comparison correspond to GENIE model configura-
tions, an event generator commonly used by Fermilab-
based experiments. Our comparisons include an older
GENIE version which was extensively used in the past, as
well as more modern GENIE tunes currently used by
MicroBooNE [13,14,29]. Additionally, comparisons to
alternative event generators used by other neutrino experi-
ments, such as T2K, or in the theory community, are
included. Overflow (underflow) values are included in the
last (first) bin. Table I lists a summary of the abbreviations
of the generators and configurations used in this analysis,
which are presented in more detail below. The relevant
samples have been processed via the Nuisance frame-
work [30].

The GENIE configurations used are as follows:

(i) GENIE v2.12.10 (Gv2) [31,32]: This version corre-
sponds to a historical reference extensively used
in the earliest MicroBooNE cross section analyses
[37,38] but superseded afterwards [29]. Gv2 includes
the Bodek-Ritchie Fermi Gas model, the Llewellyn
Smith CCQE scattering prescription [39], the em-
pirical MEC model [40], a Rein-Sehgal RES and
coherent (COH) scattering model [41], the Bodek-
Yang DIS model [42] coupled to pYTHIA [43] for
the hadronization part, and a data driven FSI model
denoted as “hA” [44]. More modern GENIE versions
include improvements over Gv2 related to FSI
issues, ground state modeling, and lepton-hadron
correlations.

(i) GENIE v3.0.6 G18_10a_02_11a (G18) [33]: This more
modern model configuration uses the local Fermi
gas (LFG) model [45], the Nieves CCQE scattering
prescription [46], which includes Coulomb correc-
tions for the outgoing muon [47], and random phase
approximation (RPA) corrections [48]. Additionally,
it uses the Nieves MEC model [49], the Kuzmin-
Lyubushkin-Naumov Berger-Sehgal RES [50-52],
Berger-Sehgal COH [53] and Bodek-Yang DIS [42]
scattering models with the PYTHIA [43] hadroniza-
tion part, and the hA2018 FSI model [54].

(iii) G18T [29]: Corresponds to the same G18 configura-
tion with additional MicroBooNE-specific tuning.

(iv) GENIE v3.2.0 G21_11b_00_000 (G21) [33]. This configu-
ration includes the SuSAv2 prediction for the QE
and MEC scattering modes [55] and the hN2018 FSI
model [56]. The modeling options for RES, DIS,
and COH interactions are the same as for Gi8.

The alternative event generator predictions are:

(i) GiBUU 2021 (GiBUU) [34]: Uses similar models to
GENIE, but they are implemented in a coherent way
by solving the Boltzmann-Uehling-Uhlenbeck trans-
port equation [34]. The modeling includes the LFG
model [45], a standard CCQE expression [57], an
empirical MEC model, and a dedicated spin depen-
dent resonance amplitude calculation following the
MATID analysis [34]. The DIS model is from PYTHIA
[43]. GiBUU’s FSI treatment propagates the hadrons
through the residual nucleus in a nuclear potential
consistent with the initial state.

(i) NuWro v19.02.1 (NuWro) [35]: Includes the LFG model
[45], the Llewellyn Smith model for QE events [39],
the Nieves model for MEC events [58], the Adler-
Rarita-Schwinger formalism to calculate the A
resonance explicitly [59], the Berger-Sehgal (BS)
COH [53] scattering model, an intranuclear cascade
model for FSI [58], and a coupling to PYTHIA [43]
for hadronization.

(ili) NEUT v5.4.0 (NEUT) [60]: Corresponds to the combi-
nation of the LFG model [28,45], the Nieves CCQE
scattering prescription [46], the Nieves MEC model
using a lookup table [49], the Berger Sehgal RES
[50,59,61] and BS COH [53] scattering models, FSI
with medium corrections for pions [31,32], and
PYTHIA [43] purposes.

If the interacting neutrino scatters off a stationary
neutron and all final state particles are observed, then p,
and dpy become zero. Within the dense nuclear medium of
a heavy nucleus like argon, these variables follow a broad
distribution due to the struck nucleon motion before the
interaction, with a high missing momentum tail from non-
CCQE events. Figure 3 shows the p, distribution for
interaction types using Gi8 and the corresponding break-
down for o py for the selected CC1pOx events. Both results
illustrate a CCQE dominance that is driven by the CC1p0z
signal definition. The non-CCQE events in the p, distri-
bution are concentrated at higher momentum values than in
the 6pr distribution. Therefore, the missing momentum p,,
illustrates enhanced discrimination capabilities between
CCQE and non-CCQE events when compared to dp7, as
already demonstrated in Ref. [23].

To quantify this improved separation ability, we form
signal acceptance-background rejection curves for both
kinematic imbalance variables using G18, as shown in
Fig. 4(a). Assuming events with a value of p, less than
a given “cut value” are retained, the fraction of true CCQE
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FIG. 3.
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The flux-integrated single-differential cross section interaction breakdown as a function of (a) p,, and (b) dp for the selected

CCl1pOr events. Colored lines show the results of theoretical cross section calculations using the G18 prediction for QE (blue), MEC

(red), RES (orange), and DIS (green) interactions.

events accepted and the fraction of true non-CCQE events
rejected can be calculated as a function of this cut value. An
improved ability to isolate true CCQE events is observed
for p, compared to p, while rejecting a larger fraction of
non-CCQE background events. The evolution of the
product between the signal acceptance and the background
rejection denoted by rejection x acceptance as a function of
the cut value yields an optimal requirement at p, =~
0.3 GeV/c and at 6p;~0.2 GeV/c [Fig. 4(b)]. The
application of the corresponding selection criteria results
in a CCQE loss of 25.3% for p, and 29.7% for opy.
The looser requirement on p, results in a slightly more
pure CCQE sample (95% CCQE purity) with higher
statistics compared to the equivalent case with opr (92%
CCQE purity). The same behavior is observed across
all event generators and is shown in the Supplemental
Material [62].

background rejection

1 1 1 1
00 02 04 06 08 1
signal acceptance

(a)

FIG. 4.

If a neutrino scatters off a moving, but unbound, neutron,
then a3 becomes the angle of the struck nucleon direction
before the interaction relative to the momentum transfer
vector. There is no directional preference since the nucleus
is at rest, so a3 follows an approximately sinusoidal curve
due to the phase space for a randomly distributed three-
dimensional direction. However, FSI [56] in the nucleus
introduce missing momentum, which is transferred from
the hadronic system to the residual nucleus, reducing
the magnitude of p? and enhancing the magnitude of the
components transverse to g. This effect enhances the
contribution of events with higher values of a;p. Like
asp, the angular orientation da; has been shown to be
sensitive to final state interaction effects [12]. The distri-
bution of day illustrates a transition from a uniform angular
orientation in the absence of FSI to one that peaks close to
180° due to the reduction of p” in the presence of FSI.

G18
§ 06 — —5}),1
2 -D,
(5]
S 04r
X
=)
S
g 0.2
5
0

| | |
0 0.2 04 0.6 0.8
minimum requirement [GeV/c]

(b)

(a) Signal acceptance fraction vs background rejection fraction as a function of the minimum requirement on either the missing

momentum p,, (orange) or the transverse missing momentum Spy (blue) for CC1p0z events using the G18 prediction. (b) Evolution of
the product between the signal acceptance and the background rejection denoted as “rejection x acceptance” as a function of the

minimum requirement.
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Comparison of the flux-integrated single-differential cross section as a function of (a) azp and (b) ar with (solid) and without

(dashed) final state interaction effects using the G18 prediction for the selected CC1pOx events.

Figure 5 shows the distribution of asp, and day for the Gi8
predictions with and without FSI, illustrating the impact of
FSI on the shapes. Figure 6 shows the simulation pre-
dictions using several event generators for a3, and day.
The Gv2 model predicts a significantly different shape that
peaks at the edges of the distribution. The GiBUU distribu-
tion is more sharply peaked in as, than the other generators
and shows a larger discrepancy. All other event generators
yield consistent predictions.

The third transverse kinematic imbalance variable, d¢7,
has the benefit of not depending on the magnitude of the
particles’ momenta, but only their direction. Therefore, it is
often more precisely measured. The other two variables in
the transverse plane rely on an accurate momentum
reconstruction for the muon and the hadronic system.
Unlike 6¢p7, the definition of ¢;p requires an estimation
of the momentum transfer. Figure 7 shows the interactions
using the Gi18 prediction for ¢;; with a turnover at low
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values. The corresponding d¢); distribution monotonically
decreases at higher values.

The ratios with and without FSI are shown in Fig. 8 for the
stuck nucleon-missing momentum opening angles (éar or
azp) and the proton-missing momentum opening angles
(6¢pr or ¢3p) using several event generator predictions.
Shape differences become more pronounced and yield a
larger range of ratios when the GKI variables are used when
compared to the equivalent transverse kinematic imbalance
results, indicating greater sensitivity to the details of FSI
modeling.

The projection variables p, and p,; vary when studied
using several generators. Like its transverse equivalent,
6pTy [14,19], p, shows an asymmetric behavior due to

the tendency for FSI to decelerate reinteracting hadrons
[Fig. 9(a)]. In addition, GiBUU exhibits an offset by
0.15 GeV/c to smaller values, unlike any of the other event
generators where the peak is centered around 0 GeV/c.

—Gl18 --Gv2 --NuWro ---GiBUU

1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

doup [deg]
(b)

FIG. 6. The flux-integrated single-differential cross section as a function of (a) azp and (b) day for the selected CC1pOz events.
Colored lines show the results of cross section calculations using the G18 (solid black), Gv2 (blue), NEUT (dashed pink), Nuwro (red), and

GiBUU (green) predictions.
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FIG. 7. The flux-integrated single-differential cross section interactions as a function of (a) ¢3p and (b) ¢ for the selected CC1pOx
events. Colored lines show the results of cross section calculations using the G18 prediction for QE (blue), MEC (red), RES (orange), and
DIS (green) predictions.
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FIG. 8. Ratios with and without FSI for G18, NEUT, and Nuwro predictions as a function of (a) the struck nucleon-missing momentum

angle (dar or azp) and (b) the proton-missing momentum angle (5¢7 or ¢3p) for the selected CC1pOz events.
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FIG. 9. The flux-integrated single-differential cross section as a function of (a) p,| and (b) p,, for the selected CCl1p0Ox events.
Colored lines show the results of cross section calculations using the G18 (solid black), Gv2 (blue), NEUT (dashed pink), Nuwro (red), and
GIBUU (green) generators.
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FIG. 10.  The flux-integrated single-differential cross section interaction breakdown as a function of p, (a) with FSI and (b) without
FSI for the selected CC1pOz events. Colored lines show the results of cross section calculations using the GiBUU prediction for QE

(blue), MEC (red), RES (orange), and DIS (green) generators.

The GiBUU interaction breakdown in Fig. 10(a) shows that
the shift is driven both by the QE and MEC contributions. In
the absence of FSI, the QE offset is no longer present and the
asymmetric behavior is driven by the MEC contribution.

GiBUU shows a shift to higher values compared to the
other generators for the p, | (Fig. 9). The Gv2 distributions
are significantly different compared to the other more
modern generators, especially at lower values. In this older
version, the hadronic and leptonic kinematics are generated
independently, which violates required correlations. This is
modified for QE interactions in more recent versions (such
as G18), resulting in smooth distributions that are similar to
the other generators. The corresponding p,, , and p,
distributions predict a much sharper peak around 0 GeV/c
for Gv2 compared to the other generators (Fig. 11). The
results without FSI are presented in the Supplemental
Material [62].
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FIG. 11.

The two perpendicular projection variables, p, .
and p,, ,, show some shape differences, which naively
might not be expected. Due to the way these variables are
defined, p,,, is always perpendicular to the neutrino-
muon scattering plane, which contains the vector g. As
there is no directional preference for nuclear motion, this is
symmetric around 0 GeV/c. Similarly, p,, ., is also
perpendicular to g, so naively it should also be symmetric.
However, the variable is defined in the scattering plane. In
this case missing energy can lead to small differences
between the estimated direction of g and the true momen-
tum transfer vector. This leads to a slightly wider distri-
bution with a tail at negative p, , values.

The sensitivity to nuclear effects of these variables
becomes even more pronounced when performing double-
differential measurements. As mentioned earlier, the angle
azp is sensitive to FSI, with higher values of asp
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The flux-integrated single-differential cross section as a function of (a) p,, , and (b) p,,, , for the selected CC1pOz events.

Colored lines show the results of cross section calculations using the G18 (solid black), Gv2 (blue), NEUT (dashed pink), Nuwro (red), and

GIBUU (green) generators.
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FIG. 12. Comparison of the flux-integrated double-differential cross section as a function of p, for (a) azp < 45° and (b) 135°
< azp < 180° with (solid) and without (dashed) FSI effects using the G18 prediction for the selected CClpOx events.

corresponding to events that primarily undergo FSI. The
double-differential p, cross section illustrates significant
differences depending on whether FSI have been added or
not (Fig. 12). For events with azp < 45°, FSI lead to a
significant reduction in the normalization of the peak, while
the high missing momentum tail is largely unaffected.
Conversely, events with 135° < a3p < 180° yield a sig-
nificantly enhanced high-p, tail when FSI are included.
That feature makes the high-a;, region ideal to study the
impact of final state interaction effects. We can study the
FSI impact on p,, by isolating two groups of events, those
with a3y values > 135° and with asp < 45°. Figure 13(a)
shows the QE-dominated low-azp region with a tail that
vanishes at 0.5 GeV/c. The primary cause of the high-p,
tail in this region is interactions that produce additional
undetected particles, and therefore consist mainly of non-
QE interactions. Conversely, the high-a53, region shown in
Fig. 13(b) illustrates a much wider tail that extends up to
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FIG. 13.

~1 GeV/c. This tail has a significant contribution from
MEC and RES events, as well as a large population of
events from QE interactions that undergo FSI and therefore
yield higher p, values.

A complementary way to group the selected events is by
missing momentum (p,, <0.2GeV/c and p, > 0.4 GeV/c).
The double-differential cross section in a3 yields a
distribution that approximately follows the expected
sine-curve behavior when events with low missing momen-
tum are used [Fig. 14(a)]. The same shape is observed when
FSI are turned off [Fig. 15(a)]. A different shape is
observed in Fig. 14(b) for events with high missing
momentum with a pronounced peak at high asp, values,
which is driven by QE events. On the other hand, MEC and
RES events result in a wider range of a3, angles and less
peaked distributions, illustrating that the missing momen-
tum has less directional preference. Furthermore, the region
where a;p < 90° is dominated by MEC events across all
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The flux-integrated double-differential cross section interaction breakdown as a function of p, for (a) azp < 45° and

(b) 135° < a3p < 180° for the selected CC1p0x events. Colored lines show the results of theoretical cross section calculations using the
G18 prediction for QE (blue), MEC (red), RES (orange), and DIS (green) interactions.
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FIG. 14. The flux-integrated double-differential cross sections as a function of asp for (a) p, < 0.2 GeV/c and (b) p, > 0.4 GeV/c
for the selected CC1p0zx events. Colored lines show the results of cross section calculations using the G18 prediction for QE (blue), MEC

(red), RES (orange), and DIS (green) predictions.

event generators due to the missing momentum introduced
by undetected particles. The prediction without FSI yields a
smoother distribution [Fig. 15(b)].

IV. MICROBOONE CROSS SECTION
MEASUREMENT

To perform the first measurement of the cross section as a
function of these variables, we use three years of data
collected by the MicroBooNE detector. MicroBooNE is an
85-tonne active mass liquid argon time projection chamber
in the BNB. The MicroBooNE detector is described in
detail in Ref. [15]. We use the same event selection and
measurement strategy as used in Refs. [13,14] and the same
CCl1pOr definition for the variables of interest as described
in Sec. II.

Data are processed by filtering noise and deconvolving
the wire response to produce unipolar signals, which are
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FIG. 15.

then fitted with Gaussian functions to produce hits. The
Pandora multialgorithm pattern recognition package
[63] is used to cluster hits, match them across wire planes,
and construct tracks and showers. Topological and optical
information are used to identify and remove cosmic
tracks. The remaining tracks and showers are grouped
into neutrino candidates. Events are selected by requiring
a neutrino candidate with exactly two reconstructed tracks
by applying particle identification requirements based on
dE/dx measurements to ensure the tracks are muonlike or
protonlike, respectively. More details on the selection can
be found in Ref. [14].

Uncertainties related to the incident neutrino flux [16],
interaction model [29], particle propagation [64], and
detector response [65] are assessed separately to produce a
covariance matrix describing the uncertainty of the pre-
dicted event rate. The binning is chosen to balance
resolution and statistics. The Wiener-Singular Value
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The flux-integrated double-differential cross sections as a function of a3, for (a) p, < 0.2 GeV/c and (b) p, > 0.4 GeV/c

with (solid) and without (dashed) FSI effects using the G18 prediction for the selected CC1pOxz events.
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FIG. 16. The flux-integrated single-differential cross sections as a function of p, with (a) generator and (b) GENIE configuration
predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the

x*/ndf calculation for each one of the predictions.

Decomposition unfolding technique [66] is used to trans-
form both the data measurement and covariance matrix
into a regularized phase space. The technique requires the
construction of a response matrix describing the expected
detector smearing and reconstruction efficiency, for which
it corrects. The unfolding is performed for each one of the
observables of interest using the GI18T model. Each
measurement is accompanied by an output additional
smearing matrix A., which performs the conversion from
the true to the regularized phase space. The A, matrix is
included in the Supplemental Material [62] and needs to
be applied to all theory predictions in order to compare to
the data measurements, even though its effect is small.
The robustness of the unfolding method was tested
using fake data studies with alternative generator predic-
tions, which are presented in the Supplemental Material
[62]. Namely, we investigated three fake data samples:
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FIG. 17.

(a) using NuWro events, (b) by removing the weights
corresponding to the MicroBooNE tune, and (c) by
multiplying the weight for the MEC events by a factor
of 2. We then extracted the cross section from these fake
data using our nominal Monte Carlo response matrices, as
well as the Wiener-Singular Value Decomposition filter
when only the covariances related to the relevant uncer-
tainties were included. We found that the combination of
these uncertainties covered the difference between the
unfolded fake data prediction and the corresponding
alternative-generator theory prediction. Additionally, the
aforementioned comparisons yielded y*/ndf values below
unity and p values close to 1, further supporting the
robustness of our unfolding procedure.

The unfolded event rate has the predicted background
subtracted before the unfolding. It is further divided by the
integrated neutrino flux and number of argon nuclei in the
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The flux-integrated single-differential cross sections as a function of a;p with (a) generator and (b) GENIE configuration

predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the

y?/ndf calculation for each one of the predictions.

092007-12



MEASUREMENT OF NUCLEAR EFFECTS IN NEUTRINO-ARGON ...

PHYS. REV. D 109, 092007 (2024)

MicroBooNE Data -- NuWro (14.2/10)

0.35 6.79¢+20 POT .. GiBUU (20.2/10)
¢ Stat @ Shape
= 03 —i 9 Norm —GI8T (5.5/10)

e

100 120 140 160 180
¢, [deg]

(a)

FIG. 18.

MicroBooNE Data -. Gv2 (65.0/10
0.35 6.79¢+20 POT -Gl18 212.0/10;
¢ Stat @ Shape
2 0,3—§ 3 Norm —GI18T (5.5/10)
5l 0.25F ¢
z 02
=
- 0.15
a
g 01
0.05- T
0 I | i T I !
0 20 40 60 80 100 120 140 160 180
¢, [deg]
(b)

The flux-integrated single-differential cross sections as a function of ¢;p with (a) generator and (b) GENIE configuration

predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the

x*/ndf calculation for each one of the predictions.

fiducial volume to report a differential cross section. In the
results presented below, the inner error bars on the cross
sections correspond to the data statistical uncertainties. The
systematic uncertainties are decomposed into data shape-
and normalization-related sources following the procedure
outlined in Ref. [67]. The cross term uncertainties are
incorporated in the normalization. The outer error bars on
the reported cross sections correspond to data statistical and
shape uncertainties added in quadrature. The data normali-
zation uncertainties are presented as a band at the bottom of
each plot. Overflow (underflow) values are included in the
last (first) bin. The degrees of freedom correspond to the
number of bins. The y?/ndf data comparison for each
generator shown on all the figures takes into account the
total covariance matrix. More details on the systematic
uncertainties and the cross section extraction technique can
be found in Ref. [14].
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Figures 16—18 show the single-differential cross sections
as a function of the p,,, a;p, and ¢;p compared to several
predictions. We conclude that Gv2 is a poor description of
the data and results in large y> values. Among the other
generator predictions, GiBUU provides the best description
of the data in a3p. There is a spread in p,, and ¢sp with G21
describing the data best. Unlike these variables, G21 shows a
poor agreement with the data in asp. GI8T illustrates a
similar pattern as G21 with a better agreement in p,, and ¢
and a worse performance in aszp.

The different projections of p, parallel and perpendi-
cular to the momentum transfer are shown in Figs. 19-22.
Again Gv2 provides a poor description of the data,
particularly in the case of p, ;. The data show a large
tail at negative values of p, as expected from the effects
of FSI. The predictions in this region show large varia-
tions due to the different ways of modeling FSI. Based
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FIG. 19. The flux-integrated single-differential cross sections as a function of p, | with (a) generator and (b) GENIE configuration
predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the

y?/ndf calculation for each one of the predictions.
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FIG. 20. The flux-integrated single-differential cross sections as a function of p,, , with (a) generator and (b) GENIE configuration
predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the
y>/ndf calculation for each one of the predictions.
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FIG. 21. The flux-integrated single-differential cross sections as a function of p,, , with (a) generator and (b) GENIE configuration
predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the
x*/ndf calculation for each one of the predictions.
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FIG. 22. The flux-integrated single-differential cross sections as a function of p, with (a) generator and (b) GENIE configuration
predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the
lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in parentheses give the
x*/ndf calculation for each one of the predictions.
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The flux-integrated double-differential cross sections as a function of p, for a;p < 45° with (a) generator and (b) GENIE

configuration predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic)
uncertainty at the 1o, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in
parentheses give the y/ndf calculation for each one of the predictions.

on the y?/ndf, GiBUU provides the best description of
this data in most variables. GI18T provides the best
performance in the case of p, and p, .. Conversely,
there is a spread in performance among the generators in
the description of p,, with G21 yielding the lowest
x*/ndf ratio.

As discussed in Sec. III, the sensitivity of the gener-
alized kinematic imbalance variables can be further
enhanced when performing multidifferential measure-
ments. Following the approach outlined in Refs. [13,14],
we present double-differential measurements as a function
of p, and a3p.

Final state interaction effects are minimal for the double-
differential cross section of p, with azp < 45° and, as
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expected, the tail of the p, distribution is significantly
suppressed (Fig. 23). The y?/ndf is reasonably consistent
across all event generators apart from Gv2. This observation
could be driven by the fact that the more modern CCQE
models used by GENIE v3 and alternative event generators
are very similar. This improved picture originates from the
fairly well-understood QE interaction channel that has
been extensively investigated. Conversely, the region
azp > 135° (Fig. 24) contains a large fraction of events
that undergo FSI, leading to an enhanced high-p, tail,
which is underpredicted by most generators. Furthermore,
GiBUU shows an offset to the right compared to other event
generators and demonstrates the best agreement with
the data.
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FIG. 24. The flux-integrated double-differential cross sections as a function of 135° < a3 < 180° with (a) generator and (b) GENIE
configuration predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic)
uncertainty at the lo, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers in
parentheses give the y?/ndf calculation for each one of the predictions.
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The flux-integrated double-differential cross sections as a function of a3, for p, < 0.2 GeV/c with (a) generator and

(b) GENIE configuration predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape
systematic) uncertainty at the 1o, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers
in parentheses give the y?/ndf calculation for each one of the predictions.

Figures 25 and 26 show the double-differential meas-
urement in asp for events with low and high values of p,,,
respectively. For events with low missing momentum, the
distribution is very symmetric and approximately follows
the sin(a3p) shape as expected. FSI predominantly remove
events from this region of phase space, leading to nor-
malization differences between generators, with the excep-
tion of Gv2, which illustrates a significantly different
behavior. Conversely, events with high missing momentum
(Fig. 26) show a large asymmetry with strong enhancement
in the FSI-driven region at high values of a;p. Apart from
Gv2, all generator predictions show similar shapes with
some normalization differences. Gv2 predicts an enhanced
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tail at low values of a;p, which does not appear in the data.
This low-asp, high-p,, region contains a large contribution
(= 50%) from MEC according to generator predictions.
Most models provide a reasonable description of the data in
this region.

A simultaneous extraction of the double-differential
results across all parts of the available phase space is
presented in the Supplemental Material [62].

V. CONCLUSIONS

We report measurements of flux-integrated differential
cross sections for event topologies with a single muon and a
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FIG. 26. The flux-integrated double-differential cross sections as a function of azp for p, > 0.4 GeV/c with (a) generator and
(b) GENIE configuration predictions compared to data. Inner and outer error bars show the statistical and total (statistical and shape
systematic) uncertainty at the 1o, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers
in parentheses give the y?/ndf calculation for each one of the predictions.
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single proton in the final state using the Booster Neutrino
Beam at Fermi National Accelerator Laboratory. The data
are recorded with the MicroBooNE detector and studied for
the first time in the form of single- and double-differential
cross sections in novel generalized kinematic imbalance
variables that consider not only the transverse, but also the
longitudinal component of the missing momentum. These
generalized kinematic imbalance variables show sensitivity
to nuclear effects, leading to some significant differences
between generator predictions and data. Some of these
differences might be originating from the fact that neutrinos
are scattering off heavy argon nuclei. These results, in
conjunction with those on lighter targets, can provide
valuable information on the evolution of nuclear effects
as the target nucleus mass number increases.

The GENIE v2.12.10 (Gv2) cross section predictions are
systematically a poor fit to data with significant shape and
normalization differences across almost all variables of
interest. This is in contrast to several recent measurements
(e.g., [68=71]) where Gv2 and the more modern GENIE v3
predictions show similar shapes across many variables that
only depend on either the muon or the proton kinematics,
whereas these kinematic imbalance variables also depend
on correlations between the leptonic and hadronic system.
Gv2 is therefore no longer able to provide a good description
of the data.

GiBUU 2021 (GiBUU) is able to describe most distributions
well, with the exception of ¢;p, p,,, and p, | . GIBUU agrees
particularly well in areas of phase space where final state
interactions have a very large effect, for example, p, for
events with a3, > 135°, whereas all of the other generators
show large disagreements in those regions of phase space.

The GENIE v3.0.6 G18_10a_02_11a cross section predictions
with the MicroBooNE-specific tuning (G18T), on the other
hand, fit the ¢5p, p,,, and p,,| data well. This contrasts with
the GENIE v3.0.6 G18_10a_02_11a configuration without addi-
tional tuning (G18), which shows a systematic deficit of
~20%. The MicroBooNE-specific tuning modifies the
normalization of QE and MEC events, as well as the shape
of MEC and RPA suppression, and none of the tuning
relied on data that included hadron kinematics. This
difference indicates that the underlying physics models
in G18 can describe the correlation between lepton and
hadron kinematics, although the normalization of some
components needs to be adjusted to better agree with data.
However, in regions of phase space sensitive to FSI, this
model does not perform as well as GiBUU, and the tuning
does not improve the agreement.

The GENIE v3.2.0 G21_11b_00_000 configuration (G21)
serves as an example of a GENIE configuration that shows
good agreement with data in most variables without the
need for additional tuning. NEUT produces similar agree-
ment as G21 across many distributions. However, NEUT
provides a better description of the a3, data, though a
worse description of the p, data. In regions of phase space
sensitive to FSI, both of these models provide poor
agreement with data. In most variables and parts of the
phase space, Nuwro results in y?/ndf ratios fairly higher
than unity.

The reported results provide precision data in new GKI
variables that are more sensitive to nuclear effects for the
first time. This data could be used to benchmark and tune
neutrino-nucleus interaction models, particularly the mod-
eling of final state interactions.
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