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We present results for the quasi-elastic weak production of A and ¥ hyperons induced by v
scattering off nuclei, in the kinematical region of interest for accelerator neutrino experiments. We
employ realistic hole spectral functions and we describe the propagation of the hyperons in the
nuclear medium by means of a Monte Carlo cascade. The latter strongly modifies the kinematics
and the relative production rates of the hyperons, leading to a non-vanishing 3% cross section, to a
sizable enhancement of the A production and to a drastic reduction of the ¥£° and £~ distributions.
We also compute the quasi-elastic weak A. production cross section, paying special attention to
estimate the uncertainties induced by the model dependence of the vacuum n — A. weak matrix
element. In this regard, the recent BESIII measurements of the branching ratios of A, — AlTy
(I = e, p) are used to benchmark the available theoretical predictions.

PACS numbers:
I. INTRODUCTION

In this work we analyze the quasi-elastic (QE) weak
production of A and ¥ hyperons induced by U scattering
off nuclei. Electroweak charged-current can induce the
production of strange particles through both the AS =0
and AS = 1 channels, where S denotes the strangeness
quantum number. We focus our analysis on AS = 1
processes, for initial ¥ energies in the range £, =1 — 3
GeV, of interest for accelerator neutrino experiments. Al-
though AS = 1 transitions are generally suppressed with
respect to AS = 0 reactions by a factor tanf¢c — 0 be-
ing the Cabibbo angle — in this energy region the latter
is strongly reduced by the available phase space and the
rates of two processes become comparable. To describe
the propagation of hyperons in the nuclear medium we
have devised a Monte Carlo cascade (MCC) algorithm.
We treat the rescattering processes that the hyperon un-
dergoes before exiting the nucleus in a classical way, us-
ing the experimental data for the hyperon-nucleon cross
sections as an input.

Our analysis improves upon the pioneering work of
Ref. [1], where nuclear effects were for the first time in-
cluded in the description of AS = 1 processes, although
a simplified description of the initial nuclear target — the
Local Fermi gas (LFG) model — was employed. In this
work, we provide a realistic description of the nuclear
structure, employing two distinct hole spectral functions
(SFs). We analyze the role of nuclear correlations in the
nuclear ground-state and final state interactions (FSI)
between the produced hyperon and the spectator nucle-
ons, in double and single-differential, and total inclusive
7;+1%0 cross sections in which A and ¥ hyperons are
produced. The dependence of these effects on the ini-
tial nuclear species is also discussed by comparing the
results obtained for total cross sections in '2C,'%0, and

40Ca. All these findings might have important implica-
tions in the analysis of SciBooNE [2], MicroBooNE |[3],
MINERvVA [4] and ArgoNeuT [5] experiments once the
data collected using 7 beams become available.

The BESIII Collaboration has recently reported on
the absolute measurement of the branching ratios of
A, — Aetv, [6] and A, — Apty, [7], which can serve
as an important benchmark to compare various theoret-
ical predictions. These decays have been studied within
several relativistic and nonrelativistic constituent quark
models (CQMs), which provide predictions for the tran-
sition form factors [8-11]. Some of the groups have also
presented results for the A, — N form factors [10, 12].
The first lattice QCD (LQCD) calculation of the Ac — A
and A, — N form factors reported in Refs. [13] and [14],
respectively, deserves special mention.

Capitalizing on these recent developments, in this work
we also present realistic results for the weak A, pro-
duction cross section in nuclei, providing estimates of
the theoretical uncertainty of our predictions. We limit
our analysis to relatively-low neutrino energies, close
to threshold, and we assume that the QE mechanism,
WTn, — A, where ny is a neutron bound in the nucleus,
is the dominant one. To estimate the theoretical uncer-
tainties related to the elementary amplitudes, we con-
sider two different scenarios. In the first one, we relate
the Ac — A and A, — N form factors by a SU(3) rota-
tion, neglecting the effects of SU(3) symmetry breaking.
In the second one, we directly use A, — N form factors
from theoretical calculations, whenever available.

The kinematical region of interest for neutrino exper-
iments corresponds to ¢? = (¢°)% — §% € (—5,0) GeV?,
where ¢ and ¢° are the energy and momentum trans-
fers of the scattering process. Since the semileptonic A,
decay occurs for ¢> > 0, the analysis of the neutrino
cross section requires an extrapolation of the form factors



to negative ¢2, which is not expected to be completely
free of uncertainties. Therefore, in our analysis, we se-
lect models that are capable to reproduce the measured
B(A. — Aetv,) branching ratio, and whose form factor
parameterizations do not lead to pathological behaviors
in the ¢? < 0 region. We use four different models for the
A, — N form factors to compute the v, + 10 — p=A.X
total cross section. Particular emphasis shall be devoted
to the results obtained employing the analytical contin-
uation of the LQCD calculations of Ref. [14]. The latter
are supplemented by estimates of the theoretical uncer-
tainties that we propagate throughout our calculations
to the neutrino cross sections. A more conservative the-
oretical uncertainty is obtained from the spread of the
predictions found when the different sets of CQM form
factors are also considered.

Finally, we would like to point out that since the calcu-
lation of the total nuclear cross section and the semilep-
tonic A, — A decay width are sensitive to different kine-
matical regions, and therefore presumably to different
form factors, the combined study of the two processes al-
lows to better elucidate the differences between models.

This work is organized as follows. In Sec. I1, we provide
the general expressions for hyperon production cross sec-
tion in the vacuum and the definition of the form factors
used to parameterize the weak matrix elements. In Sub-
sec. ITB 2, we outline the main features of the different
schemes examined in the case of the N — A, transition.
Our approach to account for SF and FSI nuclear effects
is described in Sec. III, while the main results of this
study are presented in Sec. IV. Finally, we collect the
main conclusions of this work in Sec. V, while we pro-
vide further details on the A, — A, N form factors in the
Appendices.

II. FORMALISM

A. Cross section

The unpolarized differential cross section for the
v (k) + N(p) — IT(K') + Y(p') reaction, in which an
antineutrino 7; scatters off a nucleon N, and in the fi-
nal state the charged lepton [T and the hyperon Y are
produced, is given in the laboratory frame by!
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In the above equation Gp = 1.1664 x 107° GeV~2 is the
Fermi constant, ¢ the Cabibbo angle (sinfc = 0.225),
pt = (M, 6), with M the nucleon mass, g = k — k’. The

1 In the case of A, production, the reaction is obviously induced
by neutrinos instead of antineutrinos. We will come back to this
point below.
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where My is the hyperon mass. The Dirac operator I'{,
is determined from the hadronic matrix element of the
charged-current operator (we use spinors normalized as
au =1),

JE=(Y(p')|V* — A*|N(p)) = ay (p)THu(p)  (4)
where
Il = [y f1(¢®) + iaﬂ”]\%fz(f) + ]\%fs(f)]
- [v*a1(¢?) +iaﬂ”z\3—”ygz(q2) + A%gs(f)}% (5)

and dimensionless axial and vector transition form fac-
tors, fi(¢?) and g;(¢?), describe the N — Y weak transi-
tion.

The integration over Ej/ needed to obtain the angular
cross section can be carried out exploiting the energy-
conserving delta function of Eq. (2)
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where |E’ | depends on the lepton scattering angle 6’
through the energy conservation equation Ep = |k| +
M — /M2 + @2, with §> = k> + k2 — 2|k ||F'| cos ¥,

By = \/l?? + ml2 and m; is the mass of the outgoing

lepton. Neglecting m;, the expressions simplify to
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The differential cross section for the neutrino v;(k) +
N(p) = I= (k') + Yo(p') charm production reaction can
be obtained from the above expressions replacing LEZ,) by

Ly, = LZ# and using the appropriate masses and form
factors.



B. Form factors
1. N — A, X° %7 transitions

The parametrization adopted for the form factors of
the N — A, X% ¥~ transitions is the one of Ref. [1], with
the exception of an additional factor My /(M + My) in
the definitions of f2(¢?) and g2(g?). In the limit of unbro-
ken SU(3) symmetry, they can be determined from the
experimental data on semileptonic decays of nucleons and
hyperons. The available experimental data relevant for
the N — A, X%, ¥~ transitions suffer from sizable uncer-
tainties due to the the low-statistic of the measurements,
carried out over 30 years ago [15-17]. Nevertheless, the
results for the cross sections were found to be consistent
with Cabibbo theory with SU(3) symmetry [18]. Assum-
ing G-invariance, SU(3) symmetry and the conservation
of vector current lead to f3(q?) = g2(¢?) = 0. We will
also neglect g3(q?), as its contribution is suppressed by
mass of the outgoing lepton. This enables us to express
the transition form factors in terms of G" and G4},
the proton and neutron electric and magnetic form fac-
tors, respectively (see Appendix A). Following Ref. [1],
we introduce the vector and axial N — N form factors
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where 7 = —¢%/(4M), M4 = 1.05 GeV, and g4 = 1.257.
The explicit structure of N — A, X% ¥~ form factors
can be found in Appendix A.

2. N — A. transition

The study of charmed baryon production in weak pro-
cesses is still in its infancy; it involves nontrivial the-
oretical calculations and scarce experimental data are
available. The CHORUS collaboration recently mea-
sured the ratio of the cross section for A. production
in neutrino-nucleon charged-current (CC) interaction to
the total charged-current cross section, o(A.)/o(CC) =
(1.54 4 0.35(stat) + 0.18(syst)) x 1072 for a highly ener-
getic neutrino beam, E,, = 27 GeV [19]. However, in this
energy region no reliable theoretical predictions for the
form factors are currently available.

Previous analyses on A, weak production in QE pro-
cesses [20] do not seem to provide robust predictions for
the total nuclear cross section. In fact, they rely on the-
oretical models for the N — A, form factors whose pre-
dictions, never confronted with experimental data, differ
by an order of magnitude for £, = 10 GeV. In this work,
we compute the total cross section of A, weak production
adopting form factors calculated within four independent

approaches: the LQCD simulation of Refs. [13, 14] and
the CQMs of Refs. [8], [9, 12]. The LQCD results for both
A. — N and A. — A have been obtained using two dif-
ferent lattice spacings and including one ensemble with
a physical pion mass, m, = 139(2) MeV. The nonrel-
ativistic harmonic-oscillator basis (NRHOQM) approach
of Ref. [8] calculates the form factors with the parameters
for the baryon wave functions derived in Ref. [21]. A rela-
tivistic CQM (RCQM) with infrared confinement [22—24]
is employed in Ref. [12] to perform a detailed analysis of
the A, — nlTy; invariant and helicity amplitudes, form
factors, angular decay distributions, decay width, and
asymmetry parameters. Lastly, a quark-model picture
was used to obtain the results of Ref. [10], improving
previous predictions [25] for the semileptonic decays of
%Jrcharm baryons, belonging to the representation 20 of
SU(4), obtained in the four-flavor symmetric limit. Some
SU(4) symmetry-breaking corrections, calculated within
the MIT bag model (MBM) [26, 27] and a nonrelativistic
quark model (NRQM) [28], are included.

The ¢? parametrizations of the above mentioned mod-
els, validated against the experimental data for the A,
semileptonic decay reported by the BESIII Collabora-
tion [6, 7], can be extended to the ¢> < 0 region, rele-
vant for neutrino scattering. The same strategy is not
applicable to the form factors of Ref. [11], as they have
poles for ¢> < 0. As mentioned, the measurement of the
Ae = ATy (I = e, p) decay width provides a constraint
for the 7; A, — AT transition form factors. In the limit
of unbroken SU(3) symmetry, the latter can be related
to the iy A, — nit form factors by performing a rota-
tion in the SU(3) space — the resulting Clebsh-Gordan
coefficient being +/3/2 [12].

In Appendix B we briefly review the four approaches
utilized to compute the form factors relevant for the
N — A.-transition considered in this work and we pro-
vide their explicit expressions.

III. NUCLEAR EFFECTS

In this Section we generalize the discussion of Sec. IT A
to the case in which the 7 beam scatters off a nucleus with
A nucleons producing a hadronic final state comprised of
a hyperon Y and an (A — 1)-nucleon residual system.
In the kinematical region in which the impulse approxi-
mation is expected to be applicable, the nuclear matrix
element can be still expressed as in Egs. (4) and (5), pro-
vided that the elementary interactions occur on single
bound nucleons. In what follows, we will restrict the dis-
cussion to isospin-symmetric nuclei, for which we assume
the neutron and proton densities to coincide. Within this
scheme, the double-differential cross section is evaluated
as in Eq. (1), but the hadron tensor is obtained from the
convolution of the hole SF and the spin averaged squared
amplitude of the hadron matrix element, A*”, reported



in Eq. (3)
3
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We note that the hole SF, S, (E, p'), yields the probability
density of finding a nucleon in the target nucleus with a
given momentum p’ and removal energy F.

A. Nucleon spectral function

In Ref. [1], the local Fermi gas (LFG) model was
adopted to describe nuclear dynamics. This amounts to
rewriting the hole SF as

SLFG( p) /d3 p(Q)kS,T)

O(kr(r) = |P])6(E — Ep),

(11)
where kp(r) = (3n2p(r)/2)'/3 is the Fermi momentum
and p(r) is the total point-nucleon density distribution
(protons plus neutrons).

It has long been known that models based on an
independent-particle description of the nuclear structure
largely fail to account for the complexity of nucleon corre-
lations in nuclei. In this work, we improved the model of
Ref. [1] by considering two different realistic hole SFs:
a semi-phenomenological one from the Valencia group
(further referred to as LDA-SF) based on the findings
of Ref. [29], and a second one obtained within the Cor-
related Basis Function (CBF) theory. For a detailed de-
scription of both models we refer to Ref. [30]. In that
work, the differences between the two SFs were analyzed
by comparing the electromagnetic scaling functions of
12C, and an overall good agreement was found in all the
kinematical setups considered.

In analogy to Eq. (11), the LDA-SF of finite nuclei is
obtained through the local density approximation (LDA)
procedure. The infinite nuclear matter hole SF derived
n [29], denoted by SERA(E, P, p), is calculated for dif-
ferent values of the nuclear density and integrated over
the density profile of the nucleus

S p) = [ @ S SR )
—2 [ @rSIRA(E.7.p). (12)

However, when computing the cross section, the integra-
tion over the nuclear volume is carried out for the full
hadron tensor [31, 32]
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Note that the same procedure is followed within the LFG
model adopted in Ref. [1], and associated to Eq. (11).

Within the CBF approach [33, 34|, the hole SF of fi-
nite nuclei entering Eq. (10) is given by the sum of two
contributions

Sy PE(E,P) = Sy (B,7) + S5 (E ). (14)

The first term is associated to the low momentum and
removal-energy region. It is derived within a modified
mean field (MF) scheme in which correlations are in-
cluded through quenched spectroscopic factors, extracted
from (e, e'p) scattering measurements. The LDA is only
adopted to determine S§°"*(E, ), corresponding to the
high-energy and momentum region of the SF, which is
largely unaffected by finite-size and shell effects, as it es-
sentially arises from short-range nuclear dynamics.

B. Final state interaction for hyperons

The hole SF accounts for the complexity of nuclear in-
teractions pertaining to the nucleon in the initial nuclear
target. However, in the kinematical region in which the
interactions between the struck particle and the spectator
system cannot be neglected, the impulse-approximation
results have to be corrected. In more standard electron-
and neutrino-nucleus scattering calculations, where the
struck particle is either a proton or a neutron, this is
achieved by means of the particle SF [32, 35]. Within the
CBF theory, the real part of a phenomenological optical
potential [36] is used to modify the energy spectrum of
the outgoing nucleon. In addition, a convolution scheme
that uses as input the nuclear transparency and nucleon-
nucleon scattering amplitudes is adopted to redistribute
the strength from the QE peak to the higher-energy re-
gions. On the other hand, within the Valencia model,
the particle SF is consistently obtained with the hole SF,
although relativistic corrections can be included in the
former.

In this work, the interactions between the outgoing
hyperon and the A — 1 nucleons are described simply
employing a phenomenological MF potential to modify
the hyperon energy spectrum as Epﬂ( )=EY,,+V(p),

where V(p) = —30p/po MeV [37], and po = 0.16fm ™,
the nuclear saturation density. Within the LDA-SF, the
density-dependent hyperon spectrum is included by re-
placing the energy conservation delta function in Eq. (13)
by §(E + ¢° — E;/Jrq( )). Nuclear modifications affecting
the nucleon tensor A*" are expected to be much smaller
and have not been considered. On the other hand,
within the CBF approach, we simply modify the energy-
conserving ¢ function of Eq. (10) as §(E + ¢° — EY, )
with the average hyperon spectrum

v / BroeVip) . (15)

The hyperon produced in the primary vertex travels
through the nuclear environment, interacting with nucle-

Y _ Y
Ep+q Ep+q



ons and exchanging momentum and possibly producing
a different hyperon. Although a quantum-mechanical de-
scription of the scattering processes would be more ap-
propriate, here we use a Monte Carlo algorithm analo-
gous to that presented in Ref. [1], using as input the avail-
able measurements of hyperon-nucleon scattering cross
sections. This amounts to treating collisions in a clas-
sical fashion, as in most of the available neutrino event
generators [38—40].

According to the total initial cross sections for £°, ¥~
and A production, we select the type of hyperon pro-
duced in the primary interaction vertex. Then, for this
particular hyperon, we compute the differential cross
section do /(dQUk")dE), d3r) or do /(dQ(k")dEy d|F]), for
the LDA-SF or the CBF-SF cases, respectively?. These
are the weights of the events that are taken as input in
the MCC.

According to the calculated profiles, we randomly gen-
erate the charged lepton energy Ejp € [my, E,] and
scattering angle ¢’ € [0, 7], together with the position
71 = (r1cos B sin ¢y, 71 sin by sin ¢y, 71 cos ¢1), in which
the hyperon has been produced. (Here r; € [0, max],
with rmay sufficiently large to safely take pp(y)(Tmaz) =
0.) Since the elementary cross section obtained using the
CBF-SF does not depend upon r, we generate 7} accord-
ing to the density profile of the nucleus. When using
the LDA-SF in the calculation of the cross section, we
perform the integration over the initial nucleon momen-
tum beforehand, as in Ref. [1]. In this case, we assume
that the momentum of the hyperon produced at the in-
teraction vertex is py, = ¢ + Pgen, Where pgen is a ran-
domly generated three-vector below the local Fermi sea
(|Pgen| < kp(r)). On the other hand, the CBF-SF allows
one to consistently generate the momentum modulus of
the struck nucleon on an event-by-event basis and to in-
clude it in the definition of py,, choosing randomly an
angle between p and ¢ using a |0, 7] flat distribution. In
both approaches, we assume that this initial hyperon is

on-shell, and its energy is given by By, = /M. + pg. .

We simulate the hyperon propagation from the inter-
action vertex until it exits the nucleus by iterating the
following steps [1]:

1. Assuming that the hyperon kinetic energy is
significantly larger than V(p), we propagate it by
a short distance di = Dy, /By, dt, dt being a small
time interval, along its momentum direction. We
then randomly select a nucleon from below the
Fermi sea, |p1| < kp, and compute the invariant

2 As for the LDA-SF approach, although the initial nucleon mo-
mentum is already integrated out, some effects of the hole SF
are retained, and they modify the distribution profiles of the
outgoing-lepton kinematics. Conversely, the CBF-SF scheme en-
ables to sample the magnitude of the momentum of the initial
nucleon to be used in the cascade algorithm.

energy FEi,, of the Y7 + N; system. We evalu-
ate the interaction probability per unit length
for the various scattering processes permitted
by charge conservation Y; + Ny — Y; + N,
where V; = A, YX,30%F and N; = p,n.
For a given channel ¢, this is given by P; =
[PpCT[y1 +p—Y;+N;] (Einv) + PnO[Y;+n—Y;+ N (Einv)} )
where the total cross sections oy y_y'n/(Einv),
extracted from the available experimental data,
are compiled in the Appendix of Ref. [1]. The
probability that the interaction has occurred is
P =), P;dl. Note that dt has to be small enough
so that Pdl < 1. A random number z € [0,1]
is generated. If > . P;dl the interaction has
taken place and we proceed to the next step;
otherwise we skip it and go to step 3.

2. We select the interaction channel according to their
respective probabilities (cross sections). We gener-
ate a random angle for the production of the out-
going (N;,Y;) pair in the center-of-mass of N1 +Y;
system. We boost back to the laboratory frame and
we implement Pauli blocking by checking that the
momentum of the final nucleon is larger than kg (r).
If this condition is satisfied, we have a new hyperon
(possibly of different type) propagating with a new
direction and momentum. If not, the interaction
did not occur and the hyperon properties remain
unchanged.

3. The new position of the hyperon is 7; = 7 + dl.
If no interaction has occurred, in this point of the
nucleus, the three-momentum and type of hyperon
correspond to those of the initial hyperon Y;. Oth-
erwise, they correspond to those of the outgoing
hyperon Y; after the collision.

4. If the hyperon’s kinetic energy is smaller than 30
MeV, we stop the propagation and assume that the
hyperon has exited the nucleus without any further
interaction. We recall here that the MC code does
not include the effects of the real part of the hy-
peron optical potentials and that straight-line tra-
jectories are always assumed. Quantum effects, ne-
glected in the cascade approach, are expected to
become especially important at low energies.

IV. RESULTS
A. Strange hyperon production

Let us first focus on the role played by the SFs in
the description of the hyperons production. The double-
differential cross section d?c/(dcos6'dq") of the process
7,+°0— A+pt+X is shown in Fig. 1 for different mod-
els of the hole SF, and two fixed outgoing lepton scatter-
ing angles. Note that the MCC has not been employed to
obtain these results. We observe an overall good agree-
ment between the LDA-SF and the CBF-SF results. As
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FIG. 1: Differential cross section d?o(7, +'©0 — A+ ut +
X)/(dcos0'dg®) for E; = 1 GeV and two fixed antimuon
scattering angles, 8’ = 20° and §’ = 70°, showed in the top
and bottom panels, respectively. The blue dashed, green dot-
dashed and orange short dashed lines correspond to the LFG,
CBF-SF and LDA-SF calculations, respectively. The red solid
and black dotted curves stand for the LDA-SF and CBF-SF
cross sections, when a mean-field potential is included in the
energy spectrum of the hyperon. All the results have been
obtained without employing the MCC.

expected, in both cases the hyperon mean-field poten-
tial produces a shift of ~ 30 MeV in the position of the
QE peak, also leading to an enhancement of its height.
The LFG calculations, represented by the blue dashed
lines, have been carried out assuming a free energy spec-
trum for both the initial nucleon and the hyperon, as in
Ref. [1]. The comparison with the other curves, in which
a more realistic description of the nuclear dynamics is
adopted, reveals that nuclear correlations sizably affect
the inclusive cross sections. In particular, nuclear corre-
lations in the initial state reduced the height of the QE

peak, redistributing the strength to the higher energy-
transfer. These effects are more apparent for § = 20°
than for ' = 70°, being the cross section much bigger
(between one to two orders of magnitude) for the lower
scattering angle. The ¢° values relevant for the QE cross
section increase with #’, and thus one should expect the
largest cross sections for relatively small outgoing lepton
scattering angles, where the effects of initial-state nuclear
correlations are more important.

The differential cross sections, do/dQ?, for A, ¥, %°
and X% production from oxygen are shown in Fig. 2, for
an incoming muon antineutrino energy of 1 GeV and the
LFG, LDA-SF and CBF-SF approaches. We compare
the results obtained either applying or not applying the
MCC, the corresponding curve labelled as “MCC”, or
“NO MCC”, respectively. Nucleon-nucleon correlations,
encoded in the realistic hole SFs, quench the cross sec-
tions in all the hyperon-production channels. However,
their impact is far less dramatic than for the double-
differential cross sections of Fig. 1. Considerably more
relevant are the effects of the MCC. They strongly mod-
ify the initial calculation leading to a non-zero X1 cross
section, to a sizable enhancement of the A production
and to a drastic reduction — more than 50% — of the
¥9 and ¥~ distributions. This can be qualitatively un-
derstood by analyzing the kinematics of these processes.
While traveling through the nucleus, the hyperons dissi-
pate their kinetic energy in the scattering processes. The
Y. hyperons are heavier than the A baryon, hence their
production in the nuclear cascade is generally suppressed.
In particular, for low energies the A — ¥ process is kine-
matically forbidden. Therefore, for low-energy hyperons,
the ¥ — A processes dominate. On the other hand, X%
hyperons can be produced only in secondary collisions.

In Fig. 3, we display the A and ¥ hyperon kinetic-
energy distributions obtained using the LFG and the
CBF-SF models. Similar results can be obtained us-
ing the LDA-SF. For a more direct comparison with
Ref. [1], we have not included the hyperon MF poten-
tial. Although its effects are not negligible in the double-
differential distributions displayed in Fig. 1, they become
very small in the single-differential and totally-integrated
cross sections of Figs. 2, 3 and 4. In the MCC, we used
a threshold energy cut of 30 MeV for QE collisions. The
shaded areas in Fig. 3 correspond to Eﬁ’in < 50 MeV; for
such low values of the hyperon kinetic energy the details
of the energy spectrum are not meaningful, although the
integrals underneath the curves provide estimates of the
total number of low-energy hyperons that are produced.
In analogy with Fig. 2, the inclusion of the MCC leads to
sizable modifications of the initial differential cross sec-
tions. The A channel is sizably enhanced at low EJ;, and
depleted above 100 MeV. The X~ and X0 cross sections
are strongly quenched, except for very low EY  in the %°
channel. Note, however, that our results are not much
reliable in this region. Lastly, the Y% production be-
comes non vanishing because of the secondary collisions
accounted for the MCC. The LFG distributions displayed
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in Fig. 3 should be directly comparable to those shown
in the left panels of Fig. 3 of Ref. [1]. While the NO
MCC results nicely agree, we see that the effects of the
MCC computed in this latter reference turn out to be
much smaller and not as visible as those found in the
present work. We have verified that this discrepancy has
to be ascribed to a wrong implementation in Ref. [1] of
the Pauli blocking of the outgoing nucleons produced in
secondary collisions, leading to an important reduction of
the number of interactions experienced by the knocked-
out hyperons.

In Fig. 4 we show the total cross sections for A, ¥,
¥9 and ©F production on oxygen. Consistently with the
results of Fig. 2, there are small deviations among the
curves referring to LDA-SF and CBF-SF results, which
in general agree reasonably well. On the other hand, the

application of the MCC noticeably modifies the theoreti-
cal predictions for all the hyperon channels; these effects
being larger than those associated to the use of realistic
hole SFs in place of the LFG model for the initial nu-
clear state. In absence of the MCC, the production rates
of £~ and X° are related by a SU(3) rotation. The as-
sociated Clebsh-Gordan coefficient, v/2, leads to twice as
large cross section for ¥~ as for X°. However, the cor-
rections induced by the MCC alter this relation, and the
reduction of the ¥~ is about 20% stronger than for :°.

It is interesting to understand how the role played by
the MCC depends upon the size of the nucleus. In this
regard, in Fig. 5 we compare the total cross sections for A
and X~ production on 2C, 90 and “°Ca, obtained using
the LDA-SF. To make the comparison more transparent,
for each nucleus we divided the total cross section by
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the corresponding number of active nucleons. While the
160 and '2C results are almost indistinguishable, there
is around 10% difference with those obtained for #°Ca.
This is likely to be ascribed to the longer path that the
hyperons have to travel before exiting the nucleus, im-
plying a larger number of re-scattering processes.

B. A. production

In this subsection, we discuss the results obtained for
the v, 4160 — u~ 4+ A. + X cross section using the dif-
ferent parameterizations of the n — A, form factors in-
troduced in Subsec. IIB 2 and discussed in Appendix B.
Our aim is to estimate how the large theoretical uncer-
tainties of these form factors in the free space affect the

predictions for the cross section of the A. production in
nuclei. For simplicity, in this analysis, nuclear dynami-
cal correlations in the initial state and hyperon FSI have
been neglected altogether. Hence, we employ a simple
LFG model to describe the initial nuclear target, we as-
sume a free energy spectrum for the struck particle, and
we do not employ the MCC. As for the latter, it has to
be mentioned that there is no available experimental in-
formation on the A, mean free path in a nuclear environ-
ment, and the theoretical predictions for the interactions

of the A, with nucleons and other charmed baryons suffer
from severe uncertainties.

The energy distributions of the incoming neutrino
fluxes of MINERvA [41] and DUNE [42] experiments
peak at E, ~ 3 GeV and E, ~ 5 GeV, respectively.
In Fig. 6 we present the differential cross section do/dq?
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for the v, +' O — p~ 4+ A. + X reaction, computed
employing the RCQM form factors of Ref. [12], for in-
coming neutrino energies of up to 5 GeV. The maximum
values of Q? reached in the production mechanism are
1.5 GeV? and 5 GeV?, for B, = 3 GeV and E, = 5
GeV, respectively. However, the bulk of to the total
cross section stems for Q2 below 0.5 GeV? and 2 GeV?,
for neutrino energies corresponding to the peaks of the
MINERvA and DUNE fluxes, respectively. These rela-
tively low values of Q2 justify the use of form factors fit-
ted to the A, — A semileptonic decay, corresponding to
Q? € [-1.36,0] GeV?. However, extrapolating the form
factors to moderately large positive Q? augment the the-
oretical uncertainty in our cross-section predictions. To
estimate them, we have considered the five sets of form
factors reviewed in Appendix B, characterized by the dif-
ferent ¢ dependencies displayed in Fig. 8.

As for the LQCD [14], the RCQM [12], and NRQM [10]
approaches?, in addition to the A, — NN form factors, we
have also used those associated to the A, — A transition,
assuming unbroken SU(3) symmetry, and multiplying the
matrix element by the appropriate Clebsh-Gordan coef-
ficient (1/3/2). When employing the latter form factors,
the predicted v, +10 — u~ +A.+ X cross sections turn
out to be around 10 — 30% higher than those obtained
from the direct weak N — A, matrix element — see the
left panel of Fig. 7 — the smallest differences correspond-
ing to the LQCD form factors. As for the NRHOQM of

3 For the sake of clarity, we will not report results for the MBM
model, as it does not add relevant information to our analysis.
However, we include this model in the discussion of the A, — A
form factors carried out in the Appendix C.
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Ref. [8], the results of Fig. 7 have been obtained from
the A, — A form factors assuming SU(3) symmetry, al-
though it might well be that this procedure overestimates
the cross section. The 68% CL uncertainty bands per-
taining to the LQCD predictions are propagated from the
errors and the covariance matrices of the fit parameters
listed in Refs. [13, 14]. These theoretical uncertainties
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grow with the neutrino energy, and become as large as
~ 20% for £, =5 GeV.

There are sizable discrepancies in the v, +160 =
u- + Ao + X cross sections corresponding to the vari-
ous form factors, despite that all of them are constrained
by the experimental A, — Aetv, decay width. The rea-
son for this behavior is twofold. On the one side, the
form factors exhibit major differences in their Q? depen-
dence. For instance, those from the NRHOQM [8] are
suppressed with increasing @2, leading to reduced cross
sections, when compared to other approaches — see the
detailed discussion of Figs. 9 and 10 in the Appendix C.
On the other side, the relative importance of the vector
and axial terms of the current to the decay width turns
out to be strongly model dependent. The vector con-
tribution amounts to only ~ 10% of the total A, — A
semileptonic width for the NRQM, it becomes around
30% for the NRHOQM and RCQM, and it is about
~ 34% in the case of the LQCD approach. The vector
form factors, f; in particular, play a more important role
in the determination of the A, neutrino-production cross
section. Hence, it is not surprising that NRQM model,
predicting a relatively small vector form factors, leads to
the lowest cross-section estimates.

In the right panel of Fig. 7, we display the cross
sections corresponding to the direct calculations of the
A. — N form factors within the different approaches.
The NRHOQM predictions, for which this option is not
available, are rescaled assuming SU(3) symmetry. We
also, show the results of RCQM of Ref. [12], rescaled
by a factor 1.4, as inferred from the discussion on the
A, — Aetr, total and differential widths carried out
and represented in Fig. 9 of the Appendix C. This fac-
tor amounts for the difference in the total semileptonic
decay width between the RCQM and the LQCD predic-
tions reported in Refs. [9] and [13], respectively. Note
that both approaches provide similar @2 dependencies
of the leading form factors, f; and ¢;, not only in the
semileptonic decay phase-space, but also for the positive
Q% —values, relevant for the neutrino-production reaction
— see the discussions of Figs. 8 of Appendix B and 10 of
the Appendix C.

The total v, +'°0 — p~ + A+ X cross section can be
reasonably estimated to lie between the LQCD and the
rescaled RCQM predictions. This range also accommo-
dates the SU(3) NRHOQM results, and it leads to theo-
retical uncertainties below 30% up to E, ~ 3.5 GeV. For
neutrino energies corresponding to the peaks of the MIN-
ERvA and DUNE fluxes, we thus estimate the total cross
sections to be o(F, = 3GeV)/N = (0.9707) x 10~%%cm?
and o(E, = 5GeV)/N = (4.5729) x 10~*%cm?, respec-
tively. The central value is the average between the
LQCD and the rescaled RCQM results, while the errors
account for the difference of these two sets of results, tak-
ing into account the upper limit of the LQCD uncertainty
band. Taking a somewhat less conservative perspective,
if the LQCD predictions are assumed to be sufficiently
reliable, the corresponding estimates for the cross sec-



V,L—}—IGO—)/J—{—AC—i—X

10. ‘ ‘
00 SU(3) LQCD
9.0 - LoD |
8.0 FSU(3) NRHOQM ------ ]

a7 70+ SU(3 RCQM -------- |

g SU(3) NRQM

g 601 RCQM ——— ,

5 50 NRQM e

z 4.0

g 307 ot =
2.0 T
1.0t

0.0 :
2 2.5 3 3.5 4 4.5 )

E, [GeV]

11

v, +100 =+ A+ X

7.0 LOCD ——

6.0 FSU(3) NRHOQM ------ ]
RCQM x1.4 -—-—-

50 F RCQM ——— f

o/N [10~%%cm?]

FIG. 7: Total cross section, per number of neutrons, for the v, +'¢ O — p~ 4+ AT + X reaction, as a function of the incoming
neutrino energy. The LFG model for the initial nuclear state is adopted and no FSI for the A. are accounted for. In the
left panel the curves represent the set of weak transition form factors analyzed in the text: LQCD [13, 14], NRHOQM [g],
NRQM [10], and RCQM [9, 12]. The curves labeled as SU(3) represent the results attained multiplying the A. — A form factors
by the appropriate Clebsh-Gordan coefficient. The 68% CL bands for the LQCD predictions are obtained from the Gaussian
covariance matrices of Refs. [13, 14]. In the right panel, we display results corresponding to the direct calculations of the
A:. — N form factors, the only exception being the SU(3) NRHOQM predictions for which they are not available. The “RCQM
x1.4” curve represents the results of Ref. [12] rescaled by a factor 1.4, as inferred from the discussion on the A, — Aet v,

reported in the Appendix C.

tions can be readily inferred the plots. Nevertheless, one
should also bear in mind that A. FSI effects have not
been considered in this preliminary analysis. Although
their role is expected to be less relevant than for strange
hyperons, they will have some impact in the production
rate of A, baryons.

V. CONCLUSIONS

We have studied the weak production of A and ¥ hy-
perons induced by ¥, scattering off nuclei, carefully con-
sidering the effects of nuclear dynamics. To describe cor-
relations in the initial nuclear target, we employed hole
SFs obtained within two many-body methods, both suc-
cessfully applied to study electroweak reactions in nuclei.
The propagation of the hyperons in the nuclear medium
is tackled by a MCC algorithm, which treats the rescat-
tering processes in a classical fashion. For this reason,
the MCC does not modify the inclusive (7,11Y") cross
sections, if the sum for Y = A, X9 and XF is considered.
On the other hand, when more exclusive processes are
analyzed, such as the production rates, the energies, and
the angular distributions of the specific hyperons’ species,
the MCC plays a major role. For instance, although the
¥* hyperon is not produced in the interaction vertex,
because of secondary collisions its production rate in the
scattering process does not vanish. Of course, when all
the possible channels are summed, the inclusive cross sec-

tion is recovered.

We find that our calculations carried out employ-
ing semi-phenomenological LDA-SF [29] and the CBF-
SF [33, 34] nicely agree, providing robust estimates of the
importance of dynamical correlations in the initial nu-
clear state, neglected in the pioneering work of Ref. [1],
based on the LFG model. We show how the inclusive
double-differential d?c/(d cos §’dq®) distributions are sig-
nificantly affected, as the correlations encoded in the
hole-SFs bring about a reduction of the height of the
QE peak and a redistribution of the strength to higher
energy-transfers regions. In the case of the differential
cross section do/dq? and the total one, the effects of con-
sidering realistic hole-SF's are not as important as in the
d*0/(dcos0'dq’) case and are less relevant than those
produced by the FSI of the hyperon. The MCC strongly
modifies the impulse-approximation results for the ex-
clusive processes, leading to a non-zero X1 cross section,
to a sizable enhancement of the A production and to a
drastic reduction of the X° and X~ distributions.

It has to be mentioned that the MCC effects found in
this work are much larger and more visible than those
reported in Ref. [1]. This is due to an incorrect imple-
mentation of the Pauli blocking of the outgoing nucleons
produced in secondary collisions in the latter work, that
led to an important reduction of the number of secondary
collisions experienced by the hyperons during their path
through the nucleus.

Motivated by the recent BESIII measurements of the



branching ratios of A, — AlTy; (I = e, p) decays and
by the CHORUS results for the ratio of the cross section
for A, production in neutrino-nucleon (CC) scattering,
we computed the QE weak A. production cross section
on nuclei. We have paid special attention to estimate
the impact of the n — A, matrix-element theoretical
uncertainties. To this aim, we employed form factors
computed within different approaches ranging from the
LQCD calculations of Ref. [14] to state-of-the-art nonrel-
ativistic and relativistic quark models of Refs. [8-10, 12].
Note that, while for the N — A, X% ¥~ transition the
theoretical predictions are consistent with available ex-
perimental data, in the A, case, the main source of un-
certainty is associated with the different theoretical pa-
rameterizations of the form factors. For this reason,
we neglect nuclear effects beyond the Fermi gas model,
as their inclusion would introduce additional theoreti-
cal errors (the behaviour of A, in the nuclear medium is
poorly known). We also expect them to provide a signif-
icantly smaller correction than the discrepancies among
the form factors. We find significant variations in the
predictions from the different schemes adopted to com-
pute the relevant form factors, despite the fact that all of
them are constrained by the experimental A, — AeT v,
decay width. This is a direct consequence of the un-
avoidable ambiguities induced by extrapolating the form
factors from the ¢° region relevant for the A. decay to
the kinematics relevant to the A. production. The the-
oretical uncertainties are estimated to be below 30% for
E, < 3.5 GeV. For the neutrino energies corresponding
to the peaks of the MINERvA and DUNE fluxes, we pre-
dict the cross sections — normalized to the number of neu-
trons — to be o(E, = 3GeV)/N = (0.9703) x 10~*%cm?
and o(E, = 5GeV)/N = (4.5729) x 10~*%cm?, respec-
tively. For simplicity, in this preliminary analysis, dy-
namical correlations in the initial state and FSI effects
have been neglected.
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Appendix A: N - A, X%, ¥~ form factors

Using the SU(3) symmetry the form factors for the
N — Y transitions are obtained from those introduced
in Eq. (9), and are listed in Table 1.

As for GR" and G&Y/" we employ the dipole
parametrization

) 1
R = =g e

G () = (14 1) G (¢%)
n(2y_ __ HnT D (2
Ghla*) =~ T2 —Gh(e?)

G (d®) = pnG%(q%), (A1)

with p, = 1.7928, p, = —1.9113, My = 0.84 GeV and
An = 5.6.

Appendix B: N — A¢ form factors

The NRHOQM is used to compute the A, — A
semileptonic decay width, but not the A, — n transi-
tion. The calculated branching fractions are I'(A. —
Alty) /T, = 3.84% and 3.72% for the electron and
muon modes?, respectively. Though theoretical uncer-
tainties were not provided, these predictions agree rather
well with the experimental fractions, (3.63+0.38+0.20)%
[e] and (3.49 £ 0.46 £ 0.27) [u] measured by BESIIIL. In
addition, in Ref. [8] semileptonic decays to excited A*
resonances are calculated and leading order heavy-quark
effective theory predictions are also derived, the latter
being largely consistent with the quark-model form fac-
tors used in that work. Assuming SU(3) invariance, the
form factors of the A, — A transition can be used to esti-
mate the weak production of the A. charm hyperon off a
neutron by multiplying them by the appropriate Clebsh-
Gordan coefficient. The matrix elements of the vector
and axial ¢ — s currents are expressed in Ref. [§] in
terms of the Fy 2 3(¢?) and G 2,3(¢?) form factors, which

4 I'p, is the total decay width of the A. hyperon.
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TABLE I: Form factors for AS = 1 transitions, with x ~ 0.73.

are related to those introduced in Eq. (5) by

hi) =2 (At

Mpy, + My
2Ma_ My

ety = [ % 3 (B + 3 k),

9(d®) = \/§<G1(q2)

My, — My
My My (MAG2(¢®) + MACG3(QQ))> )

92(q°) = \/g X ;(Gz((f) + ]]\\/%\ G3(‘12)> (B1)

where the 1/3/2 Clebsh-Gordan coefficient has been ex-
plicitly included to use these for the n — A. transition.
The NRHOQM form factors of Ref. [8] have the simple
form

(MaF2(q%) + MACF3(Q2))> ;

mgPA

} _(4+ Bg? + gty ) (B2)

where m, = 0.2848 GeV, o = (0.424% + 0.387%)/2 GeV
and py = A/2(MZE M}, q%)/2My,, with A(z,y,2) =
22 +y? 4 22 — 2zy — 222 — 2yz. The coefficients A, B,
and C' can be found in Table II.

The RCQM scheme predicted an absolute branching
fractions of A, — Altw;, which turned out to be 2.78%
and 2.69% for the electron and muon channels, respec-
tively — no theoretical uncertainties are provided [9] .
These values are consistent with the lower limits of the
data from the BESIII Collaboration [6, 7]. They also
agree rather well with those (2.9 +0.5% and 2.7 4+ 0.6%)
quoted in the 2014 edition of the Review of Particle
Physics [43], obtained from the first model-independent
measurement of the branching fraction of the Af —
pK~ 7" mode, reported in 2013 by the Belle Collabora-
tion [44]. Within the RCQM, the ¢* behavior of the form

A B [GeV ?][C [GeV™T]
Fi(d%) 1.382 —-0.073 0
F(q%) —0.235 0.022 0.006
F3(q%) —0.146 —0.003 —0.001
G1(q°) 0.868 0.013 0.004
Ga(q”) —0.440 0.116 0.003
Gs(q°) 0.203 -0.009 0

TABLE II: Parameters introduced in Eq. (B2) to describe the
¢*—dependence of the form factors used in the NRHOQM of
Ref. [8]. Note that the we have changed the sign of the B
coefficient of the G2 form factor, with respect to that quoted
in Table III of Ref. [8]. Only in this way, we could reproduce
the form factor displayed in Fig. 4(a) of this latter reference.

factors is well represented by a double-pole parametriza-
tion of the form

f1.2(¢%) _ A
g12(¢?) | 1=B(¢*/M} )+ C(¢*/M3 )

- (B3)

For convenience, the parameters A, B, and C, taken form
these references, are reported in Table III.

The main difference between MBM and NRQM lies in
how the initial and final baryon overlap integrations are
accounted for: they are limited to the bag space in MBM
while in the NRQM they are not. The MBM is expected
to be more realistic than the NRQM at the price of in-
troducing additional parameters, such as the bag radius
and the masses of the quarks in the bag. Additional cor-
rections to the NRQM and MBM predictions, such as
the hard-gluon QCD contributions [10], are also encom-
passed. Both the monopole and the dipole ¢? dependen-
cies of the form factors have been employed within the
MBM and the NRQM. For simplicity we only consider
the latter, since monopole form factors overestimate the
experimental A. — AeTv, branching ratio. Dipole form
factors provide reasonable estimates for this observable:
3.2% and 3.9% for the MBM and the NRQM, respec-



A B C
f1(d%) 0.470 1.111 0.303
0.511 1.736 0.760
f2(4%) 0.247 1.240 0.390
0.289 1.970 1.054
91(q%) 0.414 0.978 0.235
0.466 1.594 0.647
92(q%) —0.073 0.781 0.225
0.025 0.321 8.127

TABLE III: Coefficients employed in Eq. (B3) to construct
the weak A. production form factors from the RCQM results
of Refs. [9, 12]. For each form factor, the upper (lower) value
corresponds to the Ac — N (A. — A) transition. Note that
g2(q?) = —f3'(¢?), being the latter form factor calculated in
[9, 12.

tively. They have the general form

f1,2(q2) } _ A

g1.2(¢%) (1= g2/MZ)? (B4)

where the values of A and Mg are listed in Table IV.

NRQM MBM
A MR A MR
[GeV] [GeV]
fi(d®) 0.22 2.01 0.33 2.01
0.35 2.11 0.46 2.11
f2(%) 0.11 2.01 0.18 2.01
0.09 2.11 0.19 2.11
91(q%) 0.58 2.42 0.41 2.42
0.61 2.51 0.50 2.51
g2(¢%) 0.04 2.42 0.07 2.42
0.04 2.51 0.05 2.51

TABLE IV: Coefficients employed in Eq. (B4) to construct the
weak A. production form factors for the MBM and NRQM
models of Refs. [10, 25]. For each form factor, the upper
(lower) value corresponds to the Ac — N (Ac — A) transition.
The values of the form factors at ¢* = 0 are taken from [10],
and contain some SU(4) breaking corrections, while the pole
masses collected in the table are taken from [25]. Note that
g2(¢?) = —g5'(¢?), being the latter form factors calculated in
[10].

The LQCD works [13, 14] are based on gauge field con-
figurations generated by the RBC and UKQCD collabo-
rations [45, 46] with 2+1 flavors of dynamical domain-
wall fermions, for lattice spacings a =~ 0.11 fm and
0.085 fm and pion masses in the range 230 MeV <
m, < 350MeV, although in Ref. [13] an additional en-
semble with m, = 139(2) MeV was also considered.
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The form factors are extrapolated to the continuum
limit and to the physical pion mass employing a mod-
ified z—expansions [47]. Taking the Cabibbo-Kobayashi-
Maskawa matrix element |V.4| from a unitarity global fit
and the A, lifetime from experiments, branching frac-
tions B(A, — AeTr,) = (3.80+0.194+0.11)% and
B(A. = Aptr,) = (3.69 £0.19 £ 0.11) % were found in
[13], consistent with, and twice more precise than, the
BESIII measurements. The LQCD weak transition ma-
trix elements are parameterized in terms of the f, 1 (¢?)
and g1 +(q?) form factors, which are related to those de-
fined in Egs. (4) and (5) for the A, weak production in
the following way?:

2 (My, + My)?

@) = = @)+ e T ),
falg?) =M (jf/(\;;; M) (fJ_(q2) - f+(q2)>,
an(e®) = —Sq(;)m(qQ) + Wm(qg),
snla?) =L () - o)) (9

where s+ (q?) = [(Ma, £ M1)? — ¢?], and M is either M
or My, depending on the A, weak transition considered.
The ¢? behavior is parameterized as

fr4(a®) 1
’ = —————(A+ Bz(¢*) + C2*(¢%)),
susle?) | T T A PO T CRED)
der) =YL VRD
N
. B (Mp + Mg)? forc—s (B6)
* | (Mp + My)? forc—d

with ¢t = (]\4/\C — M1)2, Mp = 1.87 GeV,Mig =
0.494 GeV and M, = 0.135 GeV and the A, B, C' and
My coefficients are taken from the nominal fits carried
out in Refs. [13, 14], providing the central values and sta-
tistical uncertainties of the form factors. We list all these
parameters in Table V.

The semileptonic branching ratios BR(A. — AeTv,)
calculated with the five different sets of form factors turn
out to be in a reasonable agreement with each other and
with the BESIII measurement. The predictions range
from the 2.78% of the RCQM [12], to the 3.9% obtained
within the NRQM scheme [10], corresponding to a ~ 30%

5 The additional form factors, fo and go, computed within LQCD,
which only contribute to f3 and g3 in Eq. (5), are not reported,
as they do not contribute to the cross section in the limit of
vanishing lepton mass.
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FIG. 8: Form factors for the n — A. transition deduced from extrapolating to Q% =

(LQCD), [12] (RCQM) and [10] (MBM and NRQM).

A B C Mp [GeV]
Fi(q®) | 1.36£0.07 |[—1.70 £0.83] 0.71 £4.34 | 2.01
1.30+£0.06 |—3.27+1.18| 7.16 £11.6 | 2.112
f+(q>) | 0.83£0.04 [—2.33+£0.56| 841 £3.05 | 201
0.81+0.03 |—2.89+0.52| 7.824+4.53 | 2.112
9. (q>) | 0.69+0.02 [—0.68+0.32] 0.70 £2.18 | 2.423
0.68+0.02 |—1.91+0.35| 6.24+4.89 | 2.46
gi(q?) | 0.69E£0.02 [—0.90£0.29] 2.25+1.90 | 2.423
0.68+0.02 |—2.4440.25| 13.74+2.15 | 2.46

TABLE V: Coefficients, taken from the nominal fits carried
out in Refs. [13, 14], of the LQCD form factors used in the
parametrization of Eq. (B6). For each form factor, the upper
(lower) value corresponds to the Ac — N (A. — A) transition.

variation. Hence, one should expect a similar spread
among the predictions for the total v, +n — AF + 1~
cross section. However, the theoretical uncertainty on the
latter observables could be even larger for the following
reasons. (i) Experimental measurements effectively con-
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—q* > 0 the results reported in Refs. [14]

straint the A, — A form factors, while we are interested
in the n — A, transition. The form factors for A, — A
and n — A, transitions may be related by an SU(3) ro-
tation but, because of SU(3) breaking effects, these are
subject to additional corrections. In this regard, one has
to note that for most of the models we have also access to
direct predictions for the ¢ — d transition form factors.
(ii) The form factors have been fitted to the experimental
decay width in the range 0 < ¢* < (Ma, — My )?, while A,
neutrino production is characterized by ¢ < 0. The ex-
trapolation of the form factors to moderately large nega-
tive ¢ values, corresponding to medium-energy neutrino
beams, entails a certain degree of ambiguity. In order to
quantify the uncertainty of this procedure, we consider
five different sets of form factors characterized by a va-
riety of ¢? dependencies. (iii) The A. — AeTv, decay
is mostly sensitive to the axial g (¢?) form factor, which
dominates the total width. On the other hand, both
f1(¢%) and g1(¢?) are important in the v; +n — A +1~
process. Thus, the fi(¢?) form factor, being less con-
strained by the experiment, may introduce an additional
error to the cross-section prediction.

To evaluate the v, +n — A} 41~ cross section for the



LQCD [13, 14], the RCQM of Refs. [9, 12] and the MBM
& NRQM [10] schemes, we pursue two different avenues.
The first one corresponds to the unbroken SU(3) limit,
in which we take the A, — A form factors and use the
\/3/2 Clebsh-Gordan coefficient to compute the A, pro-
duction off the neutron. In the second one, we directly
apply the A, — N form factors reported in these refer-
ences. As for the NRHOQM of Ref. [8], the only available
parametrization, obtained from the SU(3) rotation, will
be employed.

In Fig. 8, we show the form factors for the N — A,
transition, for Q2 = —¢? > 0, corresponding to the kine-
matics of neutrino production. As we mentioned, the
main contribution to the cross section and to the decay
width is driven by f1(Q?) and ¢;(Q?). LQCD predicts
the largest values for these two form factors, while the
MBM and NRQM models provide the far lowest ones for
f1(Q?) and, at high @2, for g;(Q?). Note that the LQCD
and RCQM form factors exhibit similar Q2 dependencies,
except for fo, being the f; and g; from RCQM form fac-
tors ~ 30% smaller than those computed within LQCD.
Analogous behaviors are observed for the A, — A form
factors, discussed in detail in the Appendix C, where
further comparisons among the various approaches are
provided.

As a final remark, analogously to the case of A and
3 production, the f3 and g3 form factors have been ne-
glected in the cross-section calculations, as they are sup-
pressed by a factor m?/M?2.

Appendix C: Further details on the A, — A, N form
factors

When computing the v, +n — p~ 4+ A cross section,
we might assume SU(3) symmetry to relate the A, — A
form factors to the A. — N ones. To estimate SU(3)-
breaking effects, we have computed the BR(A, — AeTv,)
comparing the results obtained using either the rescaled
A. — N or the A, — A form factors. We performed this
comparison for the LQCD, RCQM, NRQM and MBM
approaches of Refs. [9, 10, 13]. As for the LQCD form fac-
tors, the branching ratios attained assuming SU(3) sym-
metry are ~ 20% lower than the direct calculations with
the actual A — A, form factors. This reduction is even
more evident, ~ 40 — 50%, for the RCQM, NRQM, and
MBM approaches. This source of uncertainties should
be considered when analyzing the different predictions
for o(v, +'© 0 — p~ + A. + X)/N displayed in Fig. 7.

The differential widths dI'(A. — Aetv.)/dg* are
shown in Fig. 9 for all the approaches used to compute
the A — A, form factors. LQCD, NRHOQM and MBM
provide similar distributions, while the NRQM yields sig-
nificantly different shape, the strength being shifted to-
wards higher values of ¢2. Note however, that no major
differences in the total width are observed. As discussed
in Subsec. IIB 2, the RCQM predicts the lowest branch-
ing ratio, about ~ 40% smaller than the LQCD result
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reported in Ref. [13]. However, once the RCQM differen-
tial distribution [9] is rescaled by a factor 1.4, the shape
of dI"/dq? turns out to be very close to the LQCD one.

The main contribution to the total width (~ 65%
in most of the models) comes from the axial form fac-
tor g1(Q?%), while the rest of the strength is driven by
f1(Q?) — there is no axial-vector interference contribut-
ing to dI'/dq?. Because of the kinematical reasons, the
ratio of the vector to axial parts is different for the
vy +n — p~ + A, reaction, with f1(Q?) playing a more
important role. Because both f; and g; dominate the
total cross section, it is interesting to pay some further
attention to their behavior, when extrapolating them to
the region of Q? relevant for neutrino scattering. The
Q? dependence of the A, — A form factors is displayed
in Fig. 10. They are multiplied by the factor 1/3/2, as
dictated by the SU(3) symmetry to get the ¢ — d ma-
trix elements from the ¢ — s ones. Besides the phase-
space available in the semileptonic decay, correspond-
ing to Q? < 0, we also show the behavior of the form
factors in the Q2 > 0 region accessible in A, neutrino-
production reactions. It is interesting to compare the
LQCD, RCQM, NRQM and MBM form factors of Fig. 10
with those shown in Fig. 8, the latter being computed em-
ploying the appropriate A, — N form factors. Such com-
parison helps estimating the size of SU(3)-breaking con-
tributions, complementing the discussion on integrated
BR(A. — AeTv,) that we alluded to earlier. Focusing
on f1 and g;, these SU(3)-breaking effects are more ap-
parent in the vicinity of Q% = 0, while they are less im-
portant as Q2 increases, becoming moderately small for
Q% =5 GeVZ2.

Fig. 10 shows that the LQCD and RCQM calculations
for £1(Q?%), £2(Q?) and g;(Q?) exhibit a similar Q? de-
pendence, while their predictions for g2 (Q?) are quite dif-
ferent. Note, however, that this is not much relevant for
the neutrino-induced A, production, since the go contri-
butions for this process are negligible. As for the absolute
size, both approaches predict almost the same fo(Q?),
but the RCQM results for f1(Q?) and g1 (Q?) at Q% <0
are ~ 20% smaller than those of LQCD. This discrepancy
is more significant in the region of large @2, relevant for
scattering processes. This latter behavior is less visible
in the A, — N transition form factors shown in Fig. 8§,
where the LQCD and RCQM shapes of f; and g; turn
out to be remarkably similar for the entire range of Q?,
translating into the comparable dI'/dq? shapes of Fig. 9.

We should also note that the Q% dependencies of the
NRHOQM form factors are significantly different than
those of the other models considered in this work. By
only looking at the dI"/dg? shape in Fig. 9, one might ex-
pect that the NRHOQM and the LQCD predictions for
the neutrino-induced A, production to be similar. How-
ever, this is not the case, as shown in Fig. 7, where the
NRHOQM results lie well below those from LQCD. This
is because f; and g; computed within the NRHOQM
becomes smaller with increasing Q2 much more rapidly
than in any of the other models. Finally, both the NRQM
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FIG. 9: A. — AeTv. differential decay width from NRHOQM [8], RCQM [9], MBM and NRQM [10], CQM approaches, and

the LQCD simulation of Ref. [13].

and the MBM predict g; comparable with those obtained
within other schemes. However, their results for f; at
Q? > 0 lie below the results of LQCD, RCQM, and
NRHOQM. Nevertheless, the NRQM and MBM A, — A
form factors are in an overall better agreement with those
of the RCQM than in the case of the A, — N transition
shown in Fig.8.
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Q*[GeV7]

FIG. 10: Vector and axial form factors for the A. — A transition calculated for the different models as detailed in Sec. II B 2.
The form factors are multiplied by the Clebsh-Gordan coefficient 1/3/2 in order to estimate them for the n — A. transition,
assuming unbroken SU(3) flavor symmetry. Negative values of Q* correspond to the kinematics of the A. semileptonic decay,
while Q2 is positive for the A, neutrino production.
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