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Abstract: We interpret the recent MicroBooNE data on neutral-current single 7 production on argon
with the hypothesis that this process occurs via Delta excitation. We calculate the flux-integrated
total cross section with our RPA-based model which allows for a simultaneous description of Delta-
mediated resonant and coherent pion production. We also discuss the ratio between the two exclusive
measurements with one proton and zero protons in the final state.

Keywords: neutrino—nucleus cross sections; pion production; Delta resonance

1. Introduction

The MicroBooNE collaboration has recently performed a measurement of single 71y
production by neutral-current neutrino scattering on argon with either one proton or zero
protons in the final state [1]. They also measured the total neutral-current 177y production
cross section. This measurement offers an opportunity to test the assumption that at low or
moderate neutrino energies (E, < 1 GeV), pion production occurs via Delta excitation, as
in our model [2].

2. Theoretical Approach and Results

Our theoretical approach is based on nuclear response functions treated in Random
Phase Approximation (RPA) and allows for a unified description of several channels:
quasielastic, multinucleon knock-out, resonant and coherent one-pion production. All the
theoretical details, as well as several charged-current and neutral-current cross sections
in the different channels, are given in ref. [2], to which we refer the reader. Here, we
remind the reader that the one-pion production is treated via the Delta (1232) resonance
(A) excitation only. This is a good approximation up to E, = 1.5 GeV, as shown in ref. [3].
The incoherent and coherent contributions to 171° production are both included in our
evaluations and are obtained by summing the RPA chain as depicted in Figure 1. We stress
that our approach is based on the semiclassical description of the nuclei, with the local
density approximation. This is one of the most effective approaches to evaluate the cross
sections in the case of accelerator-based neutrino experiments where broad neutrino-fluxes
of several hundreds of MeV wash out low-energy nuclear structure effects for quasielastic
exciations and beyond, as illustrated, for example, in ref. [4]. Examples of other calculations
based on local density approximation for one-pion production are the ones of refs. [3,5,6].
For our calculations, we assume, as in our previous paper on argon [7], that the °Ca and
40 Ar density profiles are identical, since “°Ca and “’Ar have the same total nucleon number.
Moreover, we assume that the proton and neutron density profiles of °Ar are also the
ones of °Ca. This is a good approximation, as one can observe by comparing the *°Ar and
40Ca experimental charge densities [8], available on the website [9], or by comparing the
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theoretical neutron and proton matter densities obtained via the Hartree-Fock-Bogoliubov
approach of ref. [10], available on the website [11].
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Figure 1. Diagrammatic RPA representation of the incoherent (upper figure) and coherent (lower
figure) one-pion production process. The wiggly line represents the external probe. Double lines
correspond to the propagation of Delta, solid lines correspond to the propagation of a nucleon hole
(and of a nucleon), thick dotted lines correspond to the Delta-hole interaction and the dashed line
represents the pion.

In the nucleus, the two elementary neutral-current reactions involving Delta excita-
tions are:

v+p — v+AT, (1)
v+n — v+ A )

The branching ratios for the Delta decay are as follows [12]:

AT — %nop—l—%n*n, (3)
A — %non—l—%n*p. 4)

Notice that the two branching ratios involving 17t° production are identical, hence the
incoherent 171° production is simply obtained by multiplying the total Delta-mediated
cross section by the factor 2/3. Therefore, the total incoherent 17t° production cross sections
for ¥9Ca and #9Ar coincide when final-state interactions are ignored, which is the case for
our description. For the coherent channel, the neutral current necessarily produces a 7’
and no isospin reduction factor applies. In our evaluation of pion cross sections, the Delta
propagator, calculated in RPA scheme, is dressed by one particle-one hole (1p-1h), 2p-2h
and 3p-3h states, according to the prescription of Oset and Salcedo [13].

In order to evaluate the total MicroBooNE flux-integrated NC17° cross section, we
consider the Vi, Ve, Uy and 7, MicroBooNE fluxes ¢. We remind the reader that, as men-
tioned in ref. [1], the total MicroBooNE beam is composed of 93.7% vy, 5.8% 7, and 0.5%
Ve /7, with a mean energy (E,) = 804 MeV. The total cross section is hence obtained as a
combination of flux-integrated neutrino and antineutrino cross sections according to the
following formula:

©)

J 4By [9u, () + v, (Ev) + 90, (Ev) + 1, (Ev)|

Our RPA calculation leads to:
Onci = 1581078 cm?  RPA,
a value compatible with the MicroBooNE measurement:

One10 = (1.243 £0.185 £ 0.076) 107°® cm®  MicroBooNE.
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Our number is about 30 percent above the experimental one. Our overestimation is likely
due to the absence in our description of final-state interactions (pion absorption and charge
exchange) for the emitted pion in its way out from the nucleus. Their inclusion is expected
to reduce the results at the level of ~15%-30% [6,14].

It is interesting to compare our predictions also to the MiniBooNE NC17? cross section
measurement on CH, [15] and to compare the MicroBooNE and MiniBooNE experimental
cross section per nucleon, as already carried out in the MicroBooNE paper [1]. For this
purpose, we show in Figure 2 these cross sections, compared to our results, as well as
to the GENIE Monte Carlo prediction [16] used by MicroBooNE. Further details on our
results can be found in Table 1, where the separated coherent and incoherent NC17t° cross
sections on 4’ Ar, 12C and protons are given. We stress that in the case of MiniBooNE, our
calculations are performed by considering only the MiniBooNE v, flux with a mean energy
(Ey) = 808 MeV. It appears that, as for the GENIE predictions, our evaluations overesti-
mate the MicroBooNE ones and underestimate the MiniBooNE ones. We mention that in
the past we found an agreement between our calculation and the CC171" measurement of
MiniBooNE [17]. We remark also that the MiniBooNE experimental result is not only larger
than the MicroBooNE one, but is even larger than the cross section prediction on the proton,
which is surprising since nuclear effects (in-medium Delta width, RPA, pion FSI) reduce
the cross sections. The difference between MicroBooNE and MiniBooNE results is likely
due to several factors: (i) the presence in the MiniBooNE target of the proton, which is free
of nuclear effects; (ii) the differences in the two fluxes, with the MiniBooNE one having a
mean neutrino energy slightly larger; (iii) a larger role of pion FSI in *°Ar than in 2C; and
maybe (iv) contamination in the case of MiniBooNE of the two-pion production channel,
which could simulate one-pion emissions if one of the pions is absorbed on its way out.
Concerning our evaluations, we remark small differences between the 40Ar and 12C results,
with '2C being slightly larger. For the coherent pion production, this is expected since this
channel decreases with the mass number.

10 MicroBooNE — Argon 10 MiniBooNE — CH,
— RPA —— RPA
---- GENIE v3.0.6 ---- GENIE v3.0.6

9 # PRD 107, 012004 (2023) 9 # PRD 81, 013005 (2010)
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Figure 2. Comparison of the MicroBooNE [1] NC17° cross section on argon (left) as well as that from
MiniBooNE [15] on mineral oil CHj (right), to our RPA predictions and to the GENIE v3.0.6 [16] results.



Universe 2024, 10, 399

4of 6

Table 1. Comparison between our RPA predictions and the measurements performed by Micro-
BooNE [1] on °Ar and MiniBooNE on CH, [15] for the NC1 70 flux-integrated total cross section.
In our predictions, we use the four v, ve, 7, 7o MicroBooNE fluxes, while we consider only the v,
MiniBooNE flux.

o NC17° o [10~*%em? /nucleon]
RPA NC17” incoherent on “°Ar 3.74
RPA NC17? coherent on 40 Ar 0.22
RPA NC17° on “0Ar 3.96
MicroBooNE NC17” on #0Ar [1] 3.11 £ 0.19¢at & 0.465ys
RPA NC17? incoherent on 12C 3.90
RPA NC17° coherent on 12C 0.24
NC17 on proton 4.44
RPA NC17Y on CH, 4.19
MiniBooNE NC17? on CH, [15] 4.76 £ 0.055¢4; 3= 0.765ys

The MicroBooNE collaboration [1] also measured separately the NC17? exclusive
cross sections with one proton (1p) or zero protons (Op) in the final state. The unequal
number of neutrons and protons in argon should be reflected in these data. In the two
measured channels, neutral pion production with 1 or 0 protons is depicted in the two
graphs of Figure 3. Z0 excites A* in the first case and A in the second case. Neutron
emission is favoured over proton emissions by a larger number of neutrons in “°Ar. Under
the condition of an identical branching ratio for A* — mop and Ay — mon, which is
satisfied, see Equation (3), the ratio between the two cross sections is:

18
— = 0818,
22
the ratio of protons to neutrons in argon. This number can be confronted to the one obtained
by the ratio of the experimental cross sections:
% 0
NETHP — 0,711 +0.330.
ONC1r0+0p

The agreement between these two numbers can be considered as good in view of the
experimental uncertainty, obtained by summing in quadrature the total experimental errors.

A s
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Figure 3. Diagrammatic representation of the A-mediated NC 1 7r¥ production.
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3. Summary and Conclusions

In summary, we have interpreted the recent MicroBooNE data [1] on single 7° pro-
duction by neutral currents with our hypothesis that pion production at moderate neutrino
energies occurs via Delta excitation. With this assumption, we have described successfully
the data for the flux-integrated total cross section and also for the ratio between the two
exclusive measurements with one proton and zero protons in the final state. In the near fu-
ture, we plan to also investigate the charged-current neutral pion production and compare
our predictions with the corresponding MicroBooNE cross section measurements that have
recently appeared [18].
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