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Pion-proton correlation in neutrino interactions on nuclei
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In neutrino-nucleus interactions, a proton produced with a correlated pion might exhibit a left-right
asymmetry relative to the lepton scattering plane even when the pion is absorbed. Absent in other proton
production mechanisms, such an asymmetry measured in charged-current pionless production could reveal
the details of the absorbed-pion events that are otherwise inaccessible. In this study, we demonstrate
the idea of using final-state proton left-right asymmetries to quantify the absorbed-pion event fraction
and underlying kinematics. This technique might provide critical information that helps constrain all
underlying channels in neutrino-nucleus interactions in the GeV regime.
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I. INTRODUCTION

In the GeV regime, neutrinos interact with nuclei via
neutrino-nucleon quasielastic scattering (QE), resonant
production (RES), and deeply inelastic scattering (DIS).
These primary interactions are embedded in the nucleus,
where nuclear effects can modify the event topology.
For example, in interactions where no pion is produced
outside the nucleus, one could find contributions from both
RES that is followed by pion absorption in the nucleus—a
type of final-state interaction (FSI)—and two-particle-two-
hole (2p2h) excitation [1] besides QE. This admixture of
underlying channels complicates the experimental studies
of neutrino oscillations [2,3] where interaction cross
sections and neutrino energy reconstruction are severely
affected by nuclear dynamics.

The recent development of data analysis techniques [4,5]
allows for the separation of QE from non-QE processes
in the aforementioned zero-pion (0z) topology. And yet,
the remaining RES—referred to as absorbed-pion events in
this work—and 2p2h contributions occupy very similar
phase space not only in the single-particle kinematics
but also in the kinematic imbalance exploited by those
techniques [6,7]. Their experimental evidence is the other-
wise unaccounted for measured excess of event rates [8,9].
Complementary to the Oz topology, pion production [10,11]
has provided important constraints on both primary pion
production and pion FSIs (cf., for example, Refs. [12,13]).
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Had there been no 2p2h contributions, details of absorbed-
pion events could have been better determined. The lack
of experimental signature to identify either process [14,15] is
one of the biggest challenges in the study of neutrino
interactions in the GeV regime. In this paper, we examine
the phenomenon of pion-proton correlation and discuss
the method of using final-state (i.e., post-FSI) protons to
study absorbed-pion events.

II. METHODOLOGY

In neutrino-nucleon scattering where a proton and a pion
are produced,

vp— £pr. 0
vn — £ pa’, (2)

with v, p, n, £, and 7z being the neutrino, proton, neutron,
charged lepton, and pions, respectively, the (lepton) scat-
tering plane is defined as spanned by the momenta of the
incoming and outgoing leptons, p, and p,. With a sta-
tionary initial nucleon, momentum conservation requires
that the final-state proton and pion occupy either side of the
scattering plane. If we define the direction of p, X p, to be
the right of the plane, a proton on the left means a pion on
the right, and a left-right asymmetry of the proton indicates
an opposite asymmetry of the pion (Fig. 1). This is a spatial
correlation between the pion and proton as a result of
momentum conservation. In general neutrino interactions
where a proton is produced, we define the proton left-right
asymmetry (in the lab frame unless otherwise stated) as

N - Ng

=—, 3
Ny + Ny (3)

ALR

Published by the American Physical Society


https://orcid.org/0000-0002-3077-1805
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.073010&domain=pdf&date_stamp=2019-10-22
https://doi.org/10.1103/PhysRevD.100.073010
https://doi.org/10.1103/PhysRevD.100.073010
https://doi.org/10.1103/PhysRevD.100.073010
https://doi.org/10.1103/PhysRevD.100.073010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CAI LU, and RUTERBORIES

PHYS. REV. D 100, 073010 (2019)

FIG. 1. Schematic of the kinematics in reactions (1) and (2). N
is the target nucleon. The black screen is the transverse plane to
the neutrino direction. Vectors on the screen represent the
transverse projection of the respective momenta.

where Np (g stands for the event rate of the proton being
on the left (right) of the scattering plane. The left-right
asymmetries reported in existing measurements, as quoted
in later discussions, are defined for the pion and hence need
to be flipped (i.e., multiplied by —1) to translate to the
corresponding proton asymmetries in reactions (1) and (2).

In neutrino interactions on nuclei where there are no
pions in the final state,

VA - £7pX, (4)

with A being the target nucleus and X a hadronic system
that does not include any pions, reactions (1) and (2) take
place on the constituent nucleons. The pion is subsequently
absorbed in FSIs, while the proton propagates through the
nucleus, carrying all primary information, including A;g.
A detector then measures the final-state proton. However,
protons from QE and 2p2h are indistinguishable from
these correlated protons. As a result, all measured primary
information from reactions (1) and (2) is diluted. The extent
to which A;r is reduced depends on the absorbed-pion
fraction S, in the sample. In other words, by measuring
the attenuation of the proton A;r, we could obtain S, in
reaction (4).

This method relies on the following assumptions. First,
there is a pion-proton correlation unique to pion production
on free nucleons. In this work, we consider the left-right
asymmetry with respect to the scattering plane. In the 1970s
and 1980s, hydrogen and deuterium bubble chamber
experiments provided the only measurements on (quasi-)
free nucleon targets. With a deuterium target, ANL reported
A r = 0.053 £ 0.035 of z™ in reaction (1) with a neutrino
beam energy distribution that peaked near 0.9 GeV [16].
In 2017, MINERVA reported A g = 0.15 4 0.10 of z° in
the pz° rest frame from reaction (2) on a hydrocarbon target
at the Low-Energy NuMI beam with peak energy about

3 GeV [11]. These asymmetries indicate the polarized
production of resonances, dominated by A(1232), and
are ascribed to the interference between the resonant and
nonresonant amplitudes [17-20]. Most recently, T2K
measured the left-right asymmetry in z production on
hydrocarbon over its off-axis neutrino beam spectrum
peaking at 0.6 GeV and reported A;g = 0.038 +0.046
[21]. Tt is consistent with a linear extrapolation of the
previous measurements as a function of the beam energy.
Currently, the bubble chamber data are dominantly con-
straining theory calculations on the nucleon-level asym-
metry. It would no longer be sufficient because of the
required precision and the potential beam-energy depend-
ence for current and future experiments. A new method to
measure pion-proton production on hydrogen has been
proposed in Ref. [22], which would provide renewed
access to those asymmetries on free protons. The second
assumption is that the correlation needs to survive nuclear
effects, such as Fermi motion and nucleon FSIs. In the
following, we investigate the impact of nuclear effects on
A r and demonstrate the idea of measuring absorbed-pion
events with Ay attenuation.

III. MONTE CARLO CALCULATION

In this work, we use the neutrino event generator
GENIE 2.12 [23] to study reaction (4) on carbon with a
muon neutrino of energy 3 GeV. In this simulation, the QE
cross section is based on Ref. [24], while RES, DIS, and
2p2h are described by the Rein-Sehgal model [25], the
quark parton model [26] with the Bodek-Yang structure
functions [27], and the Valencia model [1,28-30], respec-
tively. PYTHIAG6 [31] and models based on Koba-Nielsen-
Olesen scaling [32] are used to describe hadronization. The
initial nuclear state is modeled as a local Fermi gas, and the
FSI model is hA2015 [33,34]. A sample of charged-current
(CC) events is generated. The Oz sample for this study is
selected by requiring that there are no final-state mesons,
and the final-state muon and proton satisfy the following
criteria:

1.5 GeV/c < p, <10 GeV/e, 6, <20°% (5)

0.45 GeV/c < p,, 0, <70° (6)
where p, and 6, (p, and 6,) are the muon (proton)
momentum and polar angle with respect to the neutrino
direction, respectively. These criteria are inspired by
MINERVA’s recent mesonless production measurement
[6]. In reaction (4), because the final-state proton may
be the knockout product of a primary neutron undergoing
FSI, an additional primary pion-neutron channel,

vn - £ nr’t, (7)

is available in addition to the reactions (1) and (2).
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In order to study A; r attenuation in a controlled way, we
removed the GENIE in-built empirical angular weight and
restored isotropy in the resonant decay. The resulting
distribution of the Adler angle ¢* [11,16]—redefined here
as the nucleon azimuth in the primary pion-nucleon rest
frame, cf., Appendix—is flat, giving a zero intrinsic left-
right asymmetry. We then introduce the left-right asym-
metry by weighting ¢* [35], where right is 0 < ¢* < 180°.
The following weighting schemes are used for comparison
(0° < ¢* < 360°):

wi(@) =1+ sgn(g’ —180°) 40, (8)
wa(¢) = 1 =7 Agsing, (9)

where sgn(x) is the sign function and A is the input A; g
in the primary pion-nucleon rest frame. A similar approach
can be found in Ref. [36]. Because Ny r are integrals in
the respective regions, their asymmetry is not sensitive
to the modulation of the weights away from the left-
right boundary, ¢* = 0° and 180°. Therefore, the sgn-and
sin-weighting schemes are general as they characterize
different transitional behaviors—abrupt and smooth,
respectively. The weight is applied to all RES channels
before FSI. The post-FSI proton Ay is then calculated
for the leading (i.e., highest-momentum) proton for the
absorbed-pion subsample and the overall sample, labeled
by Args and A,j, respectively.

To characterize the impact of nuclear effects on the
asymmetry, we organize the simulated events according to
the transverse momentum imbalance [4,6,7],

épr = |pr + Pil. (10)

where [5’{@ ) is the muon (proton) transverse momentum
with respect to the neutrino direction. If there is no FSI,
Opt is the transverse projection of the initial nucleon
momentum due to Fermi motion; in full it represents the
sum of the initial nucleon momentum and any intranuclear
momentum exchange including FSI. Higher-order accuracy
in describing the Fermi motion can be achieved by the
three-dimensional momentum imbalance introduced in
Ref. [5] and measured by MINERVA [6].

The absorbed-pion fraction S, in the GENIE Oz events is
shown in Fig. 2. It gradually increases with §pr to about
40% and then forms a plateau. Below épp ~ 0.3 GeV/c is
the Fermi-motion region dominated by QE. Above dpt ~
0.3 GeV/c the absorbed-pion and 2p2h events are the
major contributions predicated with comparable size by
GENIE. Because the event rate difference [the numerator in
Eq. (3)] is the same in both the absorbed-pion and overall
samples, the respective asymmetries, Aggs and A,y, are
inversely proportional to the sample size, Nggg and N ay.
Hence we have

1.2 — 7T T T T 1
F GENIE, E, =3GeV, 0r, A =020 .

1 - — Nges/ Ny 3
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’ r == AgedAg W, VAA\/ARES' Wy 7]
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FIG. 2. Absorbed-pion fraction S, (= Nggs/Nay) and asym-
metry ratios as a function of d pt in the GENIE Oz sample. The input
asymmetry is Ag = 0.20. The asymmetry ratios between primary
Ay, and post-FSI Aggs and Ay, are shown for the two weighting
schemes w; and w,. The error bars represent statistical uncertain-
ties in the simulation. The proposed experimental observable A »;
can be read out from the figure as Ag - (Args/Ao) * (Aan/Ares),
which is about 0.20 x 0.5 x 0.3 = 0.03 at 5pr ~ 0.2 GeV/c.

Sz = Ngres/Nan = Aan/Args. (11)

as is demonstrated in Fig. 2 independent of the weighting
scheme.

In experiments, while the overall asymmetry A,y is
accessible, Arps needs to be separately measured on free
nucleons (A) and folded with nuclear effects. In this work,
the primary asymmetry is reduced by about 50% (Args/Ag
in Fig. 2) in the Fermi-motion region due to the “wobbling”
of the primary pion-nucleon rest frame. As dpr increases,
the effect of nucleon FSI is expected to increase, further
reducing Aggg due to nucleon-nucleon knockout. The
asymmetry becomes 0 at p ~ 0.8 GeV/c and then flips
sign. The asymmetry flip is the signature of knockout
protons from absorbed pions. Recall that the primary pion
and nucleon have opposite asymmetries. An absorbed-pion
knockout will carry part of the pion asymmetry. If ener-
getically more favorable, they will contribute a negative
component to A%}Tas- A quantitative analysis is presented in
Sec. IV. We see that the impact from nuclear effects in the
Fermi-motion region is smaller than the attenuation by
uncorrelated protons characterized by Ay /Args. A meas-
urement of S, with a model-dependent calculation of Aggg
would be interesting at dpp < 0.4 GeV/c. This would
already cover the whole onset region and reach the plateau.
Furthermore, Aggs could also be estimated in complemen-
tary pion production measurements as follows.

In addition to the Oz sample, we simulate a one-pion (1)
sample by requiring exactly one final-state pion—and no
other mesons—while keeping the same muon and proton
selection. The pion (z%9) is only tagged but not used in
the calculations, and the analysis is done using only muon
and proton kinematics with the same method as in the
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FIG. 3. RES event fraction NyLs/NY% and asymmetry ratios as
a function of Spr in the GENIE 17 sample, where N{%Lg and N7,
are the event rate of the 1z RES and overall sample, respectively.
The asymmetry ratios between primary Ay, and the post-FST AY%g
and A}~ in the respective Oz and 1z sample, are shown for the
two weighting schemes w; and w;.

Oz case. As is shown in Fig. 3, this sample is dominated by
RES, especially at small 6pr, where the fraction is about
80%; the rest is GENIE-DIS events. Because of the absence
of the absorbed-pion component, the proton asymmetry
in this 17 sample, AR%, is only reduced by Fermi motion
and nucleon FSI. Overall, A}{ES preserves Ag better than in
the Oz case, now called A%.¢. Because to a good approxi-
mation the propagation of the primary nucleon and pion
do not interfere in the cold nuclear medium, the difference
between ARLg and AYL is caused by the absorbed-pion
knockout from the Oz events. As is indicated by AY.q /AR
in Fig. 3, a ratio of about 80% is observed at small dpr,
which decreases and eventually becomes negative with
increasing o pr.

We can express the absorbed-pion fraction S, in Oz
events as

Iz
Si‘[ = CLR%? (12)
with
AOIZ
Cir = i,ll, (13)
A}All
Nigs
=K, (14
All
AOIE
fa= ﬁ, (15)
RES

where C r is experimentally accessible from the Oz and 1z
samples, f17 is the 1z-event RES fraction correction, and
fa 1s the knockout correction. Because f, <1 due to
absorbed-pion knockout in the Oz sample and 3 < 1 by
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FIG. 4. Absorbed-pion fraction S, in the GENIE Oz sample
compared to Cpp with different input asymmetries, A, = 0.05
and 0.20. Weighting scheme w, is used.

definition, the two correction factors could be accidentally
canceling each other—this is indeed the case in GENIE
with both being about 80% at §pr < 0.4 GeV/c. In Fig. 4
we see that Cyr alone describes S, rather accurately for
the onset and up to the plateau. As a matter of fact, the
cancellation between f, and fA is not necessary for the
proposed methodology. Experimental approaches to bring
both factors under control are proposed in Sec. I'V. Figure 4
further shows that the Oz asymmetry flip sets in at about
0.8 GeV/c. The variation of Cy caused by different Ay is
shown to be statistical.

IV. DISCUSSION

Comparing the two Adler angle ¢*-weighting schemes
[Egs. (8) and (9)], w, is more susceptible to the primary
wobbling due to Fermi motion because of its abrupt
transition at the left-right boundary (¢* = 0° and 180°).
This explains the larger reduction of the asymmetry, namely,
smaller Agrgg/A(, for w; in both Figs. 2 and 3. Neither
scheme has kinematic dependence. In reality, however, the
asymmetry is a function of the primary nucleon and pion
kinematics. This requires precise phase-space matching
(i.e., comparing the same final-state muon and proton phase
space) between the Oz and 1z samples such that the only
difference between the two samples is the pion FSI. Since
pion FSI is decoupled from the primary pion-nucleon
production, the phase-space matched asymmetry from the
1z sample can be used to infer the Oz one. In addition, the
1z-tagging in this work does not have any phase-space
restriction. One would need to study the experimental
threshold effect of the tagging techniques.

The effect of the absorbed-pion knockout in A%< can be
quantified by the event rates of the leading protons, nN and
n”, originating from the primary nucleon (N) and pion,
respectively. Assuming the asymmetries from these two
components are exactly opposite, and they are of the same
size as in Al%q, we have
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N_ .,z ,N__ N
n I’ll’lL l’lR

N4+ n” N

ARfs =~ : (16)
where L and R denote the left and right parts of the event
rates. The first factor on the rhs is the asymmetry between
the two leading-proton origins, denoted as Agg, and the
second one is identified as A% following the assumption.
From Eq. (15), we have

Sfa = Axgo- (17)

Therefore, the experimental observable Cyr reads

1
CLR:THSIEAKO‘ (18)
N

It has sensitivities to both the absorbed-pion event rate and
kinematics. In addition to the leading-proton asymmetry
in Oz events, one could consider the asymmetry of the
subleading proton. The corresponding Axq flips sign, as a
leading proton from the primary nucleon means a sublead-
ing proton from the primary pion. By combining the
leading and subleading proton asymmetries in a two-proton
Oz sample, useful information on f, could be extracted.
In the few GeV regime, the pion production and the
corresponding pion-proton correlation in this de facto
shallow inelastic scattering (SIS) region is not well studied.
This gives rise to significant uncertainties in 3. The SIS
background could be reduced by restricting the invariant
mass of the hadronic system, W, via calorimetry, like for
example in Ref. [37], or by restricting the tagged pion
momentum to reduce high-W contributions.

The required sample size N4, of an asymmetry meas-
urement depends on the asymmetry A,; and the targeted
relative statistical uncertainty e,

NAll VI for A.%\ll < 1. (19)

All

Therefore, for a primary resonant asymmetry Aggg of 0.05—
0.2, a measurement of A,y with 30% (relative) statistical
uncertainty would require an order of 10-100 K Oz-events
in the several-GeV neutrino energy region. In the sub-GeV
region where the pion production is close to the threshold,
the smaller amount of pion absorption only allows for
sensitivity to larger Agxgs. On the other hand, if we measure
proton A, as a function of the muon kinematics, the
determination of left/right only requires angular but not
momentum measurement. This would greatly increase the
sample size. This analysis strategy is of particular interest to
nonmagnetized trackers. For example, the MINERvVA Low-
Energy Oz measurement [6] selects elastically scattered and
contained protons to ensure the proton momentum-by-
range precision. The sample size could increase by a factor
of about 3 (roughly the ratio between total and elastic

proton-nucleus cross sections) if the proton momentum is
not required, giving about 12 K signal events. Furthermore,
the MINERvVA data using the NuMI Medium-Energy
beam peaking at about 6 GeV [38] would provide about
10 times more statistics than the Low-Energy data, enabling
a sensitivity to Aggg =~ 0.05. Finally, the systematic uncer-
tainties of measuring the asymmetry would be better
controlled than for a cross-section measurement because
of the cancellation of the flux uncertainty which is currently
at the 10% level.

V. SUMMARY AND OUTLOOK

In this work, we discuss the idea of pion-proton
correlation and its application in the study of absorbed-
pion events using final-state protons. Pion left-right asym-
metries have been previously measured in neutrino CC
production of overtly pion-proton final states, as an
indication of the A(1232)-resonance ¢*-polarization. We
demonstrate with simulations that the correlated proton
asymmetry, A; g, can be observed in neutrino Oz production
on nuclei.

Compared to electron-nucleus and pion-nucleus (cf., for
example, Ref. [39]) scattering where the absorbed pion
can be inferred to by the missing energy momentum,
there has been no direct evidence of pion absorption
in neutrino Oz events. Measuring the proton left-right
asymmetry alone would be the first demonstration. This
could possibly be done with the existing T2K [7,40],
MicroBooNE [41], NOvA [42], and MINERvVA [6,38]
data. The GENIE-predicted asymmetry flip observed at
opr ~0.8 GeV/c is closely related to the kinematics of
the absorbed pions and its knockout. The crossover
appears to be a robust experimental observable as it is
shown to be independent of the weighting scheme and the
strength of the input asymmetry. The reproduction of a
measured crossover would be an important benchmark for
nuclear-effect modeling.

We further introduce Cj g, the asymmetry ratio between
Oz and 1z events, as an experimental probe for the
absorbed-pion fraction S, up to the GENIE-predicted plateau
at 5pr ~ 0.4 GeV/c. It would be interesting to investigate
further how this could constrain 2p2h contributions, as it
has been conjectured that the §p region 0.3-0.4 GeV/c
is where current 2p2h models have the largest deficit [6].
The full potential of the proposed techniques could be
realized by the existing MINERvVA Medium-Energy [38]
and the future SBND [43] data sets.

The pion-proton correlation considered in this work
comes from pion production with the interference between
resonant and nonresonant amplitudes. This would be the
dominant interaction channel at the DUNE [3] energy.
However, similar correlation also exists in rare processes
such as neutrino deeply virtual meson production [44,45].
Finally, even though we have only discussed neutrino
interactions, the antineutrino counterparts,
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op - £hpr, (20)
op — ¢ na®, (21)
on— £, (22)
DA - ¢1pX, (23)

can be studied analogously. By revealing the absorbed-pion
fraction in antineutrino interactions, these additional mea-
surements could be useful for the CP-violation search
using neutrino and antineutrino oscillations.
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APPENDIX: DEFINITION OF ADLER ANGLES

The kinematics of the primary pion production consid-
ered in this work [Egs. (1), (2), (7), and (20)—(22)] can be
described by the following two-step reaction:

vN = uA, (A1)

A — Nz, (A2)
where  is the incoming nucleon, and A is the A resonance
(or more generally the 4-momentum sum of the outgoing
nucleon N and pion 7). The angular distributions of N and 7
are determined by the decay [Eq. (A2)] kinematics in the A
rest frame (quantities in this frame are denoted by “*”),
where the Adler angles 6* and ¢* are defined: if we denote
the usual Cartesian basis vectors as X*, ¥*, and z*, and the
nucleon 3-momentum py, we have

P & = By sin@* cos g, (A3)
P9 = |pX|sin € sing*, (A4)
P -2 = |pi| cos0*. (A5)

Throughout this work, we use the angles of the nucleon,
instead of the pion, unless otherwise specified.

In the lab frame, if A is stationary, such as in the
scattering on hydrogen, the A momentum is along the
direction of the lepton momentum transfer,

q = ﬁ v 1_5 "o (A6)
where p, is the neutrino momentum. Therefore, in the A
rest frame, 2* and $* are naturally defined by p; — p;; and
Py X Py, respectively [16].

However, when A is subject to Fermi motion, as is the
dominant case in current experimental situations, there are
two prescriptions to obtain the Adler angles.

(1) Via a direct boost from the lab frame to the A rest
frame, which we denote by the subscript “1” for
“one-boost frame.” Then 2] and J7 are defined by
Py1 — D,y and pyy x pry, respectively. The Adler
angles 0] and ¢] are calculated from Egs. (A3)—(AS)
with pg,.

(2) Via a first boost from the lab frame to the N rest
frame, followed by a second one to the A rest frame
which we denote by the subscript “2” for “two-boost
frame.” The corresponding basis vectors are sim-
ilarly obtained as before, and so are the Adler angles
05 and ¢3.

These two A rest frames are identical if the Fermi motion of
N is collinear with g in the lab frame; but in general, the
respective momenta of a given particle are different. At first
glance, the two-boost frame seems the only correct one
because the Fermi motion is removed by its first boost. As a
matter of fact, the two frames only differ by a rotation,
known as the Wigner rotation [46], and since angles are
preserved under a rotation, we have ¢ = ¢; and 0] = 0.
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