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We present a study of the T polarization in charged-current quasielastic (anti)neutrino-nucleus scattering. The
spectral function formalism is used to compute the differential cross section and the polarization components for
several kinematical setups, relevant for neutrino-oscillation experiments. The effects of the nuclear corrections
in these observables are investigated by comparing the results obtained using two different realistic spectral
functions, with those deduced from the relativistic global Fermi gas model, where only statistical correlations
are accounted for. We show that the spectral functions, although they play an important role when predicting the
differential cross sections, produce much less visible effects on the polarization components of the outgoing t.
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I. INTRODUCTION

In the neutrino studies, the v, is experimentally the least
explored one among the three neutrino flavors. Its measure-
ment is demanding since the t lepton, being the product of
the v, charge-current (CC) interaction with matter, decays
rapidly making its clear identification very challenging. There
are very few v, (high energetic) events recorded. They were
detected via CC interaction in OPERA [1] and DONuT [2]
experiments. In the near future the SHiP facility [3] will start
operating, with the ability of measuring the cross sections of
v, and D, with statistics 100 times larger than the DONuT
experiment.

One of the advantages of exploring v; and v, CC interac-
tions is the fact that for a wide range of energies, the outgoing
7 is not fully polarized. Each of the t~ and ™ polarization
components (longitudinal and transverse ones) is sensitive
to different combinations of the nuclear structure functions,
making them interesting observables to further explore the
differences between various nuclear models. They convey
richer information, which is complementary to the knowledge
obtained by means of the cross section predictions. In the limit
of high energies E, > m,, though, the outgoing 7 leptons
are produced in totally polarized states. Thus, the interesting
energy region to be explored is limited to the values of
E, < 10 GeV. This relatively moderate energy range can be
studied by oscillation experiments, although the measurement
is demanding because of the low statistics. From this per-
spective, the information about the final 7 lepton polarization
could be helpful because its spin direction affects the angular
distribution of the decay products.

We will focus on the quasielastic (QE) region in which
the single nucleon knock-out is the dominant reaction mecha-
nism. Previous works on v, and ¥, scattering have considered
the nucleus as an ensemble of free nucleons [4], or used the
random phase approximation (RPA), and an effective nucleon
mass to describe the initial nuclear state [5]. The use of
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an effective mass for the nucleon is a simplified method to
account for the effects due to the change of its dispersion
relation inside of a nuclear medium. A proper description,
however, is achieved by dressing the nucleon propagators
and constructing realistic particle and hole spectral functions
(SFs), which incorporate dynamical effects that depend on
both the energy and momentum of the nucleons [6]. There
was an attempt to include the SF formalism in the study
of the polarization of the outgoing lepton produced in CC
(anti)neutrino-nucleus reactions [7]. However, because of the
nonrelativistic nature of the nuclear calculations carried out
in that study, the predictions were restricted to a very nar-
row region of the available phase space. In this work we
perform an analysis which does not suffer from the above-
mentioned problem, and we use realistic hole SFs to ob-
tain the t-polarization vector in the whole available phase
space for neutrino energies below 10 GeV. Moreover, to
gauge the model dependence of the predictions, we perform
the calculation using spectral functions obtained within two
theoretically different frameworks: a semiphenomenological
one based on the findings of Ref. [8], and a second one
[9,10] obtained within the correlated basis function (CBF)
theory [11]. Both sets of SFs provide a realistic description
of the dynamics including nucleon-nucleon correlations in the
initial target and in the nuclear remnant. Moreover, combined
with a factorization scheme, they have been successfully used
for modeling inclusive electro- and (anti)neutrino-nuclear QE
responses [6,12-22].

The lepton polarization results presented here, and the
comparison for these observables of the SF models of
Refs. [8-10], are a natural continuation of the works of
Refs. [23,24], where the electroweak scaling properties and
the strange hyperon production in nuclei, respectively, were
studied.

Finally, we would also like to mention that the inclusion
of RPA correlations do not change appreciably the gross
features of the polarization of the t’s. The reason is that
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the polarization components are obtained as a ratio between
linear combinations of nuclear structure functions and the
RPA changes similarly the numerator and denominator. In
addition, one should bear in mind that RPA corrections take
into account the absorption of the gauge boson, mediator
of the interaction, by the nucleus as a whole instead of by
an individual nucleon, and their importance decreases as the
gauge boson wavelength becomes much shorter than the nu-
clear size. Thus, RPA effects on the polarization observables
become little relevant, even for the total or partially integrated
cross sections [6,25], for a great part of the phase-space
accessible in the CC reaction [5,7].

This work is organized as follows. In Sec. II we introduce
the formalism and the basic concepts. In Sec. [I B we focus
our attention on the hadron tensor, using the spectral function
formalism to rewrite it. In Sec. III, in the first place, we
define the phase space to be explored in our analysis, and
then perform a comparison of the results obtained using two
realistic SF models and the more approximate relativistic
global Fermi gas (RGFG) approach. Finally, in Sec. IV we
draw our conclusions, while some details on the definition of
the lepton polarized CC cross section and some kinematical
relations for weak charged lepton production off nucleons are
given in Appendixes A and B, respectively.

II. FORMALISM
We will investigate CC (anti)neutrino-nucleus reactions,

ve/De(k) +A — £F(K) + X,

where k*, k'* are the incoming- and outgoing-lepton four-
momenta, respectively.

t=eu,r1, (1

A. Charged lepton polarization

The (anti)neutrino inclusive-differential cross section for
a (s;h)-polarized outgoing lepton can be written using
Egs. (A4) and (AS5) of Appendix A as
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where X is the double differential cross section in the labo-
ratory frame corresponding to unpolarized leptons and P* is
the polarization vector. The term F depends on the lepton and
hadron kinematics as discussed more in detail in Appendix
A. In the hadronic tensor, only five out of the six structure
functions, W;, contribute to F' [13]:

w i py pvap
Web) _ Wi PPPY i € Padp om0
2;4; — _gMVWl v | Mlz WZ CLONW, 2M12 W3 ¢,V
q9"q" wew , P9+ G P )
+ W Ve _"_ W s Ve
M 2M? >
Prg” —q" P’ 5
i L T e, 4

The structure functions W;, are real Lorentz scalars that de-
pend on ¢*. They encode the nuclear response to the elec-

troweak probe, which is determined by a variety of mecha-
nisms, e.g., QE scattering, two-nucleon knockout, pion pro-
duction, and deep inelastic scattering. The term proportional
to Wg does not contribute to the double differential cross
section, and thus it does not appear in the full expression for
F that can be found in Eq. (2) of Ref. [7].! When contracting
the leptonic and hadronic tensor, W5 contributes to F' with
an opposite sign for the antineutrino and neutrino scattering.
Moreover, the value of the nuclear structure functions will also
be different for the two reactions. In the former case, the scat-
tering takes place on a bound proton, e.g., the W; will depend
on the proton mass and removal energy, in the latter the struck
nucleon is a neutron. The differences between the antineutrino
and neutrino results are expected to be particularly significant
in asymmetric nuclei, such as 4O0Ar,

The polarization vector P* of the outgoing ¢¥ lepton is
determined by the nuclear response,
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which can be decomposed as follows:
PEX[*’KJr) = —(PLn?t +PTn[a +PTT7’!Z)‘(27,£+), (6)

where the three four-vectors n;, n,, and n,, are given by
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We have ignored the projection of P* onto the direction of the
four-vector k'*, because it is irrelevant for the (s; i)-polarized
differential cross section since sk’ = 0. In addition, Pn,, = 0
and therefore Pry = 0, which means that the polarization
three-vector lies in the lepton-scattering plane (see Fig. 1 of
Ref. [7]). Note that under parity, P transforms as

P — Py, ®)

<

i~

IR

which automatically requires Prr = 0, since nj, stays invari-
ant under a parity transformation. (Time reversal invariance
can be also used to show that Pry = 0.) In addition, it is
obvious that P2, called the degree of polarization [4],

_P(zéf*,ﬁ) = (PL2 +P%)|(r.z+)’ ©)

is a Lorentz scalar, as P, r also are, since they can be
computed taking scalar products, i.e., P, 7 = —(Pn;,). From

'Actually, the term F can be also read off from Eq. (10) of
Ref. [13]. We should mention that there is a typographical error in
this latter equation that affects the W, term, where sin? 6 should be
sin? 6 /2, with 6 the angle between K and k' in the LAB system.
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the polarized double differential cross section of Eq. (2), we
obtain these longitudinal and perpendicular components of the
outgoing lepton polarization vector as follows:

dlo.(vl,\’)[) |h:+ dzo.(wi,ol) |h:—

pleth _ dQR)dE, Ini dQR)dE, \ni,
LT T 2ot ’h:+ A2 ’h:—
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1 d2overd) =t 2o en h=m

2" | dQUK)YdE |,  dQUk)dE |,

(10)

By construction, it follows that |Pp 7| < 1. Furthermore,
(PL2 +P%) < 1, because |P?| < 1. This can be easily de-
duced in the outgoing lepton rest frame, considering that
in this system, |73 -] <1 for any unit vector 7, since for
both polarizations & = =+, the double differential cross section

A2 e ) >
dQUKYdE, |ﬁ;h > 0.

The P, r components depend on the lepton kinematics and
on the structure functions, W;, introduced in Eq. (4). Explicit
expressions for these observables in the LAB system are given
in Egs. (5) and (6) of Ref. [7], which were obtained from the
findings of [4]. Besides masses, they depend on the scalars
(kP), (k'P), and ¢*, which define the neutrino and outgoing
lepton energies and the angle 6 between k and k' in the LAB
system.

It can be seen that for W3 = 0, £+ and ¢~ have opposite
polarizations, up to some effects due to the asymmetry of the
role played by protons and neutrons in the nuclear system.

The operators (1 & ys1;)/2, with nf' obtained from s* in
Eq. (A2) using kK'/|K'| as unit vector, are helicity projectors
[26], and thus, the asymmetry proposed in Eq. (10) for the
case of P, turns out to be the outgoing lepton helicity asym-
metry. Moreover, since at high energies helicity and chirality
coincide, and the latter is conserved in CC reactions, we
conclude that

lim P/ =—1,

lim P =1, an
(me/IK')—>0

(me /1K' ))—0

which follows from the negative (positive) chirality of the
neutrino (antineutrino) that is inherited by the outgoing
£~ (€*) produced in the CC transition. In addition, in the
(my/ |1?|) — 0 limit, the transverse polarization Pr vanishes,
for both neutrino and antineutrino processes. Indeed, it is
proportional to the outgoing lepton mass and to sin6 [4,7].
[Note that for P, m, in the definition of P in Eq. (5) cancels
out with the 1/m, common factor that contains nj in Eq. (7)].
In this ultrarelativistic energy regime the whole nontrivial
behavior of the polarization components, coming from the
hadron tensor, cancels out in the ratio taken in Eq. (5).

In the case of electron and muon CC production the cross
section depends mostly on W;, W,, and W3, while the contri-
bution of the other structure functions are suppressed by the
small lepton mass. Therefore, Pr takes small values close to
zero, while Py is expected to differ little from the asymptotic
F1 values for neutrino or antineutrino reactions, respectively,
in most of the available phase space.

B. QE Hadron tensor
1. Vacuum

When considering the interaction of a (anti)neutrino with a
single free nucleon of momentum p and mass M,
vet+tn—>p+Ll, Do+p—>n+Lt, (12)

the hadron dynamics is determined by the nucleon tensor A*°
(we use the same conventions as in Ref. [24]):

A" (p, q)
=Y (p+4litsOIp)(p+ ql % O)p)*

= l(p + OV —Au(p)la(p + g) (VT AT u(p)]*

[(p+q+M)
2M

1
=-Tr

Ay PEM) o o a0yt 0
5 VE—AD vV A)J/]

13)

with M and u, i1, the nucleon mass and the dimensionless
Dirac nucleon spinors, respectively, and we have summed and
averaged over initial and final nucleon spins. In addition,

( V2 : sz(qz) v )
V# =2cosOc x | F' (g7)y" +ipy o*'q, |,
2M
AF = c0s 0cGa(q?) X (y“ys + %q‘%) (14)
mi —q

with m,, = 139 MeV the pion mass.? Partial conservation of
the axial current and invariance under G parity have been
assumed to relate the pseudoscalar form factor to the axial
one and to discard a term of the form (p** + p™*)ys in the axial
sector, respectively. While the pseudoscalar form factor can be
safely neglected when considering v,, v, -induced processes,
its contribution, proportional to mg, becomes more relevant for
T production. Invariance under time reversal guarantees that
all form factors are real, and besides, due to isospin symmetry,
the vector form factors are related to the electromagnetic ones.

We use in this work the parametrizations of the form
factors given in Ref. [13], which were also employed in
Ref. [7] (Galster et al. [27] in the vector sector and a dipole
form for the axial one).

2. Nuclear medium

For sufficiently large values of the momentum transfer
(I¢1 2 500 MeV) the lepton-nucleus scattering can be safely
treated within the impulse approximation (IA). In this frame-
work the hadron tensor of Eq. (A7) is obtained as a convo-
lution of the spin averaged squared amplitude of the hadron

2Note that the CC nucleon tensor ;f’“’, defined in Eq. (27) of
Ref. [13], is related to that given here in Eq. (13) by A" (p, q) =
8M2A°"(p, q)/ cos? 6. In addition, A™ is explicitly given in Ap-
pendix A of that reference for on-shell nucleons. There is a typo-
graphical error there that affects the overall sign of the xy component
[Eq. (A8)].
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matrix element of Eq. (13) and the hole SF:

W (g) = O(¢°) / “p / " dES(E. p)
QP iy

2

EpEpig

X

A" (p,9)8(q° + M +E — E,pyp).

s)

where p is the chemical potential and the initial nucleon is
considered off-shell. The factors M/E, and M/E,,, with
E,=/M?+ p? are included to account for the implicit
covariant normalization of the Dirac spinors of the initial and
final nucleons in the matrix elements of the relativistic current
in Eq. (13). The hole SF, S, (E, p), encompasses information
on the internal nuclear structure, giving the probability dis-
tribution of removing a nucleon with momentum p from the
target nucleus, leaving the residual (A — 1)-nucleon system
with an excitation energy —E > 0. For simplicity, we consider
a symmetric nucleus with equal proton and nucleon density
distributions p, = p, = p/2.

In this work we use three different nuclear models to obtain
the hole SF:

(1) In the RGFG model [28] only statistical (Pauli) corre-
lations among the nucleons are accounted for,* yield-
ing a very simple expression,

24 _—
SETE. ) = ZSLE + M — (E, = €105 — P,

/ Cr g SRGFG(p 5y — | (16)
(27_[ )3 h s s
where p = 2;7} /(3m?) is the averaged total nucleon
(both proton and neutron) density, A is the total num-

ber of nucleons, and ,/M? + ﬁ% — M is the chemical

potential in this model. Let us notice that Eq. (16)
is the same as Eq. (2.13) of Ref. [29] when we
put € = 0, and considering the normalization of the
hole SF without the (27) factor. We approximate
the shift energy € > 0 by the difference between the
experimental masses of the ground states of the initial
and final nuclear systems. To account for it, we use a
shifted value of ¢° — (¢° — €) (see Ref. [13] for more
details, where for isospin symmetric nuclear matter,
€ is identified with the Q value of the reaction). The
effective Fermi momenta pr are determined from the
analysis of electron-scattering data of Ref. [30] for
different nuclear species. In this work, we will show
results for 100, for which we take pr = 225 MeV and
€ ~ 15(11) MeV for v, (V,) induced reactions.

It has long been known that the RGFG method
is oversimplified and that a realistic description of

3Our approach differs slightly from the original model of Ref. [28]
since we include nucleon binding effects by modifying the energy
transfer gy, instead of changing the energies of the initial and final
nucleons, € = €] — €.
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(ii)

nuclear dynamics, including correlations among the
nucleons, is needed to provide an accurate description
of electroweak scattering off nuclei. We consider two
nuclear SFs, derived within the framework of nuclear
many-body theory using the CBF approach [9,10]
and the semiphenomenological one of Ref. [8], that
starts from the experimental elastic nucleon-nucleon
cross section, with certain medium corrections. Both
approaches use the local density approximation (LDA)
to obtain finite nuclei results from those calculated
in nuclear matter, and despite being based on differ-
ent models of nuclear dynamics, provide compatible
nucleon-density scaling functions [23].
In the formalism of Ref. [8], used for neutrino QE
scattering in Refs. [6,13], one first performs a calcu-
lation for the nuclear medium at a certain density, and
then integrates it over the density profile p(r) of a
given nucleus. Hence, it fully relies on the LDA and,
in what follows, we will denote by LDA the physical
properties and the results obtained within this scheme.
The energy-momentum distribution of nucleons in
the symmetric nuclear matter of density p can be
described by means of hole and particle SFs deter-
mined by the nucleon self-energy in the medium (see
Refs. [6,13] and in particular Sec. III of [23]),

SEME. p)

1 Im3(E, p)
= TR [E—p*/2M—ReS(E, p)—CpPHIMS(E, PP
C = ReX(p2/2M, pr) +Cp (17)

with the chemical potential given by i = p7. /2M + C
E:E—&Egu, or E > u for S, or S,, respec-
tively, and pr = (372p/2)"/3. Since ImX(E, 5) > 0
for E < wu, and ImX(E, p) < 0 for E > u, the chem-
ical potential can be defined as the point in which
ImX(E, p) changes sign. In addition, the dependence
of the nucleon self-energy, X(E, p), on p is implicit.

Both real and imaginary parts of ¥ are obtained
from the semiphenomenological model derived in
Ref. [8], which, starting from the experimental elastic
NN scattering cross section, incorporates, consistently
with the low density theorems, some medium polariza-
tion (RPA) corrections. The approach is nonrelativistic
and it is derived for isospin symmetric nuclear mat-
ter. The resulting nucleon self-energies stay in good
agreement with microscopic calculations [31-35], and
provide effective masses, nucleon momentum distri-
butions, etc., which are also in good agreement with
sophisticated many-body results [33,35].

The real part of the self-energy calculated in
Ref. [8] should not be treated as an absolute value,
since momentum independent terms are not consid-
ered there, and it should be understood as an en-
ergy difference from ReX(p%/2M, pr). This, in prin-
ciple, does not prevent the approach to be used to
compute particle-hole (QE) response functions, where
only differences between two nucleon self-energies
appear, and the constant terms of the hole and particle
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self-energies cancel [6]. However, the use of nonrela-
tivistic kinematics is sufficiently accurate for the hole,
but its applicability to the ejected nucleon limits the
range of energy and momentum transferred to the
nucleus. For high energetic ejected nucleons and in-
clusive cross sections, the IA is a good approximation,
as mentioned in the beginning of this section.* Such
approximation considers a fully dressed nucleon hole,
but uses a free particle SF, i.e., it employs a plane wave
for the outgoing nucleon, satisfying a free relativistic
energy-momentum dispersion relation. To obtain re-
sults using a dressed hole and an undressed particle,
an absolute value for the real part of the nucleon-hole
self-energy is needed. This is achieved by including
the phenomenological constant term Cp in the nucleon
self-energy, with C = 0.8 fm? for carbon, fixed to a
binding energy per nucleon |e4] = 7.8 MeV. Some
more details can be found in Refs. [23,36]. We will use
this value for the C parameter here also for oxygen.

In this context, assuming a free outgoing on-shell
nucleon, the hadron tensor for finite nuclei is obtained
as

W pa(@)

d*p

_ 0 3

=20(g )/d r/ )
2

8(q°+E+M—Epi)A™ (p, q)

N
/ dE S;°ME, )
n—q°

X

]

pPP=E+M
(18)

EpEpiq

where we have used S}I‘DA(E , P) as a function of
the nuclear density at each point of the nucleus and
integrate over the whole nuclear volume. Hence, we
assume the LDA, which is an excellent approximation
for volume processes [37], like the one studied here.
Let us notice that by setting p® = E + M, we calculate
A" (p, q) for an off-shell nucleon, i.e., we take the
energy and momentum distributions from the hole
spectral function SFPA(E, 5), changing the dispersion
relation of the initial nucleon. However, there exists
a little inconsistency here, since the sums over nu-
cleons’ spins in Eq. (13) were carried out assuming
free dispersion relations for the nucleons. As we will
see below, this procedure is more accurate than setting
P’ =E, in Eq. (18), as was done in previous works
[6,7,13]. Nevertheless, the differences are relatively
small and visible only for forward scattering.

(iii) The CBF spectral function for finite nuclei is given by
the sum of two different terms [10],

SCBEE, p) = SMF(—E, p) + SS°"(—E, ). (19)

The first one is derived from a modified mean field
(MF) calculation, where experimental information,

“For instance, see the discussion in Ref. [6] of the results for the
CCQE cross section o (v, + 2C - ™ + X) obtained in Ref. [22]
within the TA.

obtained from (e, ¢'p) scattering data, are used to
account for residual effects of nucleon interactions
neglected in a MF picture [38—40]. The second term
determines the behavior of the hole SF in the high
momentum and removal energy region. It has been
obtained by folding CBF calculations of the SF in
uniform and isospin symmetric nuclear matter with
the nuclear density distribution profile [9,10]. We
remind here that —E > 0 is the excitation energy
of the residual (A — 1)-nucleon system. Within the
IA the scattering off a bound nucleon can be ac-
counted for using different approximations. The CBF
results which we present in this work have been
obtained replacing in the one-body current operator
j% . of Eq. (13) the four-momentum ¢* = (¢°, ) by
G* = (G°, q), such that ° = ¢° — (E,—M —E),in
analogy with the prescription adopted in the RGFG
case. The quadrispinors entering the evaluation of the
hadron tensor are those of free nucleon states. Note
that this approximation leads to a violation of current
conservation for the electromagnetic case. Different
procedures aimed at restoring the gauge invariance
have been discussed in Refs. [41,42]. In particular, the
authors of Ref. [42] argue that the violation of gauge
invariance in the IA scheme is expected to become less
and less important in inclusive electron scattering at
large momentum transfers.

III. RESULTS

The analysis carried out in Ref. [4] clearly shows that for
LAB energies of the v; /D, beam comprised between 3.5 and
10 GeV, the QE cross section is sizable. This study was done
for a scattering on a single nucleon and neglecting multinu-
cleon emission; their contribution, albeit nonvanishing, would
be smaller than the former one. The breakdown of the total
neutrino cross section into the QE, pion production, and deep
inelastic scattering contributions is shown in Fig. 5 of Ref. [4].
The QE mechanism is found to be dominant up to £, & 6 GeV
and the same observation holds true for D, reactions.

A. QE mechanism phase space

The large mass of the t lepton (m, &~ 1776.8 MeV) greatly
limits the phase space available for the single-nucleon knock-
out processes, being prohibited the large LAB dispersion
angles, as discussed in Appendix B. In Fig. 1, we analyze
the phase space for different values of the incoming neutrino
energy E, and of the lepton scattering angle in the LAB
system (6). We show

|G |iz,.0.01 = [Ei + (Ey — ¢°)* — m?

—2E,\J(E, — ¢°) — m2 cos6]"*  (20)

as a function of the energy transfer ¢°, together with the

QE-peak curve |7 o = v/2Mq° + (¢°)? (black solid line).
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FIG. 1. Some regions of the available phase space for CC t production for E, =4, 6, 8, and 10 GeV (panels from left to right). We
display |7 |z, 40,61 [Eq. (20)] and also the approximated position of the QE peak (|G gz = v/2Mq° + ¢%%), labeled as QE (black solid line).
For each neutrino energy, the shaded area spans between t-scattering angle 0° (lower boundary) up to 16°, 24°, 28°, and 24° (upper
boundary), respectively. In each panel, the yellow curve shows |G|z, 40 ¢ fOr an intermediate angle among those accounted for in the

band.

The shaded areas in Fig. 1 have been obtained by varying the
outgoing lepton scattering angle from 0° to 16°, 24°, 28°,
and 30° for E, =4, 6, 8, and 10 GeV, respectively. All
the angles chosen to evaluate the upper bands are greater
than 6.« (E,), introduced in Appendix B. It corresponds to
the maximum allowed LAB t-scattering angle for the weak
production off a free nucleon, and its dependence on the
incoming neutrino energy is given in Eq. (B6). This limiting
angle takes the approximate values of 11.4°, 20.3°, 23.6°,
and 25.5° for E, =4, 6, 8, and 10 GeV, respectively (see
also the right panel of Fig. 8 for further details). The range
of ¢° values, [¢°, , ¢%..], for which there exist solutions (6)
of the QE condition |7 |oe = |7 |(&, 40,61, grows rapidly with
E,. Actually at threshold, E, = m,; + m% /2M =~ 3.46 GeV,
qgﬂn =¢%,. ~ 0.58 GeV, and when the neutrino energy gets
bigger, g0, and ¢, quickly decrease and increase, tending to
zero and to E, — (m? + M?)/2M, respectively. The ¢° range
is shown in the left panel of Fig. 8§ of Appendix B, up to
E, =10 GeV.

Additionally in each panel of Fig. 1, the yellow curve
shows |G |(g, 4,67 for an intermediate angle among those ac-
counted for in the band. We see that this curve, as well as the
(6 = 0°) one, intercepts twice the |7 |qr line. This is because
for any LAB t-scattering angle 6 < 0. (E) ), there exist two
different values of the LAB 7 energy that satisfies the QE
condition |7 |gE = | |{, ¢0,61- Thus, we might expect the exis-
tence of two QE peaks in the nuclear differential cross section,
located at different values of ¢° for fixed E, and 6 LAB
variables. This never occurs for charged muon or electron
production, except for an extremely narrow range of neutrino
energies. A detailed discussion can be found in Appendix B,
and in particular this nonbiunivocal correspondence between
the t-lepton LAB scattering angle and energy is shown in the
right panel of Fig. 8.

One should bear in mind that the nuclear QE cross section
is strongly suppressed when —¢? is above 1 GeV?, and thus
its size notably decreases with ¢°, since at the QE peak,
—q*> ~ 2Mq°. We see that one could only expect to obtain
sizable cross sections for forward scattering angles. For in-
stance, at E,, = 10 GeV, the energy transfer at the QE peak
ranges from very low ¢° ~ 15 MeV for § =0°, up to 7
GeV for 0 = O« (E, = 10 GeV) ~ 25.5°. Coming back to
the existence of two QE peaks, the higher one will be much

more suppressed, and it might not be visible in the differential
distribution. For example, at E, = 4 GeV and in the forward
direction, the two peaks occur for ¢g*> = —0.36 GeV? (¢° =
0.19 GeV) and —2.88 GeV? (¢° = 1.53 GeV), respectively.
For larger neutrino energies the |g”>| value of the second
QE peak grows rapidly, and its impact in the cross sections
should become less important. Moreover, the results should
be more sensitive to nuclear effects for small values of the
scattering angle where the QE cross section is high and peaks
in the low ¢° region. Hence, we have studied the impact of
using the different nuclear SFs to compute the v, /b, differ-
ential cross section and the t polarizations in the region of
small 6.

B. Differential cross sections and polarization observables

In Fig. 2, we analyze the double-differential cross section
(panels in the first row), P, and Pr (panels in the second and
third row, respectively) for the v, + 'O — 7= + X process
at E, =4 GeV, and 6 = 0°, 2°, 4°, and 16°. The dotted
(blue) and the dashed (red) and dot-dashed (black) curves
have been obtained using the RGFG model and the LDA and
the CBF hole SFs, respectively. Predictions for E, = 6 GeV
are shown in Fig. 3. The comparison of the three-different
sets of results for the differential cross sections clearly reveals
that the inclusion of nucleon-nucleon correlations in the hole
SF leads to a significant quenching of the QE peak and a
shift of its position towards higher energy transfers in the
dashed (LDA) and dot-dashed (CBF) curves with respect to
the dotted one (RGFG). The distinctive SF tail at high-energy
transfers, that arises when short-range correlated pairs are
included in the description of the ground state, is only visible
for E, = 6 GeV. Unexpectedly for E, =4 GeV, the RGFG
model seems to provide a ¢° tail similar to those found in
the LDA and CBF SF calculations. However, its origin in
the former model should not be attributed to short range
correlations, but rather it is produced by the kinematics of the
QE CC t production. If we come back to Fig. 1, we discussed
that the |4 |{g,=4Gev,40,0=0°) Curve intersects the QE one for
two different values of ¢ = 0.19 and 1.53 GeV. These values
correspond to forward and backward v, N — TN scattering in
the neutrino-nucleon CM system, respectively. The boost to
the LAB system converts both CM kinematics into forward
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FIG. 2. Double-differential cross section do /(dgqd cos#) and polarization components P,, Py for v, scattering off °0 for E, = 4 GeV

and scattering angles 0°, 2°, 4°, and 16°.

scattering in the LAB frame® (see Appendix B). In Fig. 4,
we show the dependence of the imaginary part of Lindhard
function, ImU (¢°, | li£,.q0,61)> ON q° and ¢? for charged
production for two different kinematics (dashed red curves).
As discussed in Ref. [13], ImU (g) essentially gives the single-
nucleon knockout RGFG nuclear response for a unit ampli-
tude, at the nucleon level. For both kinematics, we clearly see
two peaks, induced by the forward and backward v, N — TN
scattering in the neutrino-nucleon CM system, which lead to
shapes different from those found for QE processes involving
massless leptons. These distributions should be affected by
the nucleon form factors that produce sizable g> suppression
in the differential cross sections. As an example, in Fig. 4
we also display the results modulated by the square of a
dipole nucleon form factor, with a cutoff of 1 GeV? (dotted
blue curves). In these latter cases the second peak disappears,
though its existence provides a longer high ¢° tail, which
is qualitatively observed in the RGFG predictions shown in
Figs. 2 and 3.

Coming back to the discussion of these latter figures, we
observe a very nice agreement between the CBF and LDA

SFor massless charged leptons, however, the CM backward kine-
matics does not lead to forward scattering in the LAB frame, while
the QE condition for 6 = 0° occurs for ng(mg =0)=0. As the
dispersion angle grows, ng(m( = 0) increases, but there is still
a single value where the condition of the QE peak is satisfied
[Eq. (BS)].

cross sections for both E, =4, and 6 GeV and 6 = 16° as
opposed to 6 = 0°, 2°, and 4° cases, where some discrep-
ancies appear. They are likely to be ascribed to the different
approximations made to account for the off-shellness of the
struck nucleon, as discussed in Sec. II B. These approxima-
tions play a more important role in the limit of low momentum
transfer and very forward angles. Let us notice that both
SF approaches converge when we move to higher scattering
angles, and for 16° the differences practically disappear. For
the LDA model, the four-momentum p of the initial nucleon
is taken from the SF energy-momentum distribution, thus
within this scheme, the hole state is treated as an off-shell
nucleon. However in the CBF approach, the energy transfer
is modified to include the SF effects ¢° <> ¢°, leaving the
hole state on-shell (with the momentum taken from the SF
and setting £, = \/M? + p?2).

The production of the massive T lepton is particularly
interesting since it might present different polarization com-
ponents. This fact has a direct implication on the angular
distribution of the particles which are subsequently produced
in the 7 decay. In the second and third rows on Figs. 2
and 3 we show the impact of nuclear effects on P, and
Pr for different kinematical setups. For increasing values
of the scattering angle the transverse polarization Py of the
T becomes more visible. This is not surprising because it
is proportional to my, sinf [7]. On the other hand, as the
incoming neutrino energy grows, P takes values closer to
—1 for low energy transfers, as expected for the conservation
of chirality in CC processes. One can also observe that Py,
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FIG. 3. Same as Fig. 2 but for £, = 6 GeV.

and Pr obtained within the CBA and LDA approaches, in
most of the cases, do not differ so much from the simplistic
RGFG predictions, in spite of leading to significantly distinct
double differential cross sections. This should be ascribed to
the cancellations that take place when the ratios of Eq. (10) are
calculated.

Figures 5 and 6 are the analogous of Figs. 2 and 3 but for
the 7, + '°0 — % + X process. The results obtained for the
double differential cross sections are qualitatively consistent
with the observations we made for the v, case. Nuclear effects

¢ [GeV?]
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are clearly visible in all the kinematical setups analyzed and
the discrepancies between the CBF and LDA predictions are
sizable also in this case up to 6 = 4°, while for 8 = 16° the
two set of results are almost coincident. It is worth noticing
that the T*’s produced in the D,-nucleus scattering are more
strongly longitudinally polarized (P, &~ 1 and Pr ~ 0) than
the 77’s. For E; = 6 GeV and scattering angles 0° — 4°, Py,
is rather constant through the whole range of available ¢° and
very close to 1; it departs significantly from 1 only at 6 = 16°,
when Pr takes larger values (in modulus). For strictly forward
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FIG. 4. Imaginary part of the Linhard particle-hole propagator as a function of ¢° and ¢?, with |§| = |§ lt£, 40,01 defined in Eq. (20). To
evaluate ImU (¢°, |7 |) we have used Eq. (B2) of Ref. [13], with pr = 0.225 GeV for both neutron and proton Fermi momenta. The left
and right panels correspond to (E, =4 GeV, 6 = 0°) and to (E, = 6 GeV, 8 = 16°), respectively. In addition, we also show the expected
q* reduction in the cross section provided by dipole weak nucleon form factors, with a mass scale of 1 GeV.

035501-8



POLARIZATION OF t IN QUASIELASTIC ... PHYSICAL REVIEW C 100, 035501 (2019)

3 6=0
<02 0.003
g 016 1 ]
© 012 | 0.002 ]
|
S 008 | ] 1 0.001 | ]
o 0.04 ] ] ]
Q“ i
g 0t - 0
z 0 02 04 06 08 1 1 0 2
< 0 [GeV]
S q
= 1 == D
\“‘\?\:\\ ) “‘\:‘::t'\
0.5 ™1 05t 105t 105t S
N
0 100 10t 100 \
—05 ¢ 1 =05  RGFG - ] p
LDA SF -
B F SF ——— _, LCBESF ~ ‘ ‘ ‘
0 02 04 06 08 1 0 02 04 06 08 1 L5 2
¢° [GeV] ¢° [GeV]
1 1 1 1
05 | {1 05¢ {1 05¢ ]
05 0 0 e !
—0.5 } { =05 ]
—1 e -1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
¢° [GeV] ¢° [GeV] ¢° [GeV]

FIG. 5. Double-differential cross section do /(dgqd cos#) and polarization components P;, Py for b, scattering off 1°0 for E, = 4 GeV
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FIG. 6. Same as Fig. 5 but for E, = 6 GeV.
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FIG. 7. Mean value of the degree of polarization of 7~ (left) and T+ (right), defined in Eq. (22), as a function of the incoming neutrino
energy. We show results for the RGFG model (blue—dotted) and the LDA (red-dashed) and CBF (black dash-dotted) SF approaches.
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W £ Inyl]), 2D

where the factor F*-” can be found in Eq. (2) of Ref. [7],
both for neutrino and antineutrino reactions, and ¢ is taken
in the positive Z direction. There exists a large cancellation
between the xx and xy spatial components of the hadron
tensor that is responsible for the much smaller values of
the antineutrino cross sections than the neutrino ones. This
cancellation also leads to values of P, closer to 1 in qthe
case of 1 production, and because of the factor (Ey — |k |),
deviations from chirality should increase with the transferred
energy ¢°. Moreover, differences between nuclear corrections
stemming from different approaches should be more visible
for antineutrino distributions. Thus for instance within the
LDA SF approach, if p° is fixed to E, instead of to E + M in
Eq. (18), values of PLT+ > 1 are found in the case of forward
antineutrino reactions, while |Pf | still keeps smaller than
1 for neutrino processes. The consistent use of the energy
and momentum distributions obtained from the hole spec-
tral function SFPA(E, j), changing the dispersion relation of
the initial nucleon, leads to reasonable predictions for PL’+
below 1.

We observe that the inclusion of the CBF and LDA nuclear
SFs significantly modifies also the ,-'°0 differential cross
section with respect to the RGFG results, and lead to a
significant quenching of the QE peak and a shift of its position
towards higher energy transfers. The role played by nuclear
effects in the determination of Py and Py is less systematic.
The curves corresponding to the different SFs are found to
differ for most of the kinematics considered in Figs. 2, 3, 5,
and 6. In particular, we find that the RGFG predictions for
P; ~and E, = 6 GeV lie in between the CBF and LDA ones.
We interpret this behavior as a manifestation of the strong de-

pendence of the polarization variables on the approximations
made in the hadron tensor to treat the off-shell struck nucleon.

The mean value of the degree of polarization of the tF
lepton is defined as

- 1 P v
(PT) = s [ dEas@Ey O E: 0)

- U(Vr-‘_)r

x PTTNE,, 0) (22)

with X the LAB unpolarized double differential cross section
of Eq. (3) and the Lorentz scalar degree of polarization for a
given outgoing t-lepton kinematics given by

P(Ec.0) = \/PAE..0) + PHE:. 0). (23)

The dependence of the mean value of the degree of po-
larization on the neutrino (antineutrino) energy is shown in
Fig. 7. The small discrepancies between the curves are likely
to originate from the different treatment of the nucleon off-
shellness in the LDA and CBF results. However, a clear-cut
identification of their source cannot be easily achieved in
this case. For the antineutrino, the degree of polarization
reaches the asymptotic chiral value more rapidly than for the
neutrino case, saturating already at about 5 GeV. Results are
in qualitative agreement with those obtained with the simple
models considered in Ref. [5].

IV. CONCLUSIONS

We have performed an analysis of the cross sections and
polarization components for the CC reaction in which a v, /D,
scatters off 10, focusing on the QE region where the sin-
gle nucleon knock-out is the dominant reaction mechanism.
From the theoretical perspective, the v, CC scattering gives
a unique opportunity to further investigate the role played by
the nuclear correlations of the ground state in the description
of neutrino-nucleus interaction. The large mass of the t*
lepton, with respect to u® and e*, enables a deeper insight
into the nuclear structure of the nucleus when interacting
with an electroweak probe. From the total number of five
structure functions which are in general needed to describe the
hadron tensor of neutrino-nucleus scattering [Eq. (4)], v, and
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v, reactions give access only to three of them, W , 3, being
the contribution of the others suppressed by the low e~ and
4~ masses.

The polarization components P, and Py of the outgoing ©
are interesting observables, both from the experimental and
theoretical points of view. They offer deeper insight into the
hadron tensor properties, since they are sensitive to different
combinations of the structure functions. In order to provide
a realistic description of the nuclear dynamics accounting
for nucleon-nucleon correlations, we have used the LDA and
CBF hole SFs derived in Refs. [8—10], successful in modeling
inclusive electro- and (anti)neutrino-nuclear QE responses.
The SF approaches are substantially more realistic than those
based on the use of an effective nucleon mass to describe the
initial nuclear state, as done in the previous study of Ref. [5].
The implementation of a constant effective mass is just a crude
approximation to account for effects due to the change of the
dispersion relation of a nucleon inside a nuclear medium.

For each of the considered models, CBF and LDA, we
used slightly different prescriptions of how the single nucleon
matrix element is calculated in the nuclear medium. The
ambiguity stems from the fact that the nucleon is off-shell,
with its energy-momentum distribution determined by the
SE. In the CBF approach the initial nucleon is taken to be
on-shell with the momentum distribution taken from the SF.
The energy distribution of the SF is taken into account as
the modification of the energy transfer. The LDA treats the
initial nucleon as an off-shell particle, however, the master
equation for the matrix element (where the sum over spins has
been performed) is obtained assuming on-shell nucleons. The
results for very forward scattering angles turned out to be very
sensitive to this choice, affecting both the cross sections and
the polarization components. Nevertheless, the discrepancies
become very small already for angles ~4°. We have shown
that the effect of SFs is sizable when the differential cross
section is considered, producing a quenching of the QE peak
and a shift of its position towards higher energy transfers.
However, nuclear effects are less pronounced for the polariza-
tion components, because they are obtained as ratios of terms
proportional to the hadron tensor, where some cancellations
occur.

To finish this summary, we would like to recall that RPA
correlations do not change appreciably the gross features of
the polarization of the outgoing t charged leptons [5,7]. The
reason is that the polarization components are obtained, as we
have just mentioned, from ratios constructed out of some lin-
ear combinations of nuclear structure functions, and the RPA
correlations change similarly the numerator and denominator.
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APPENDIX A: LEPTON POLARIZED CC CROSS SECTION

With the axis of quantization in the rest frame [k'* =
(my, 0)] of the outgoing £¥ specified by the unit vector 71, we

define in this frame a unit spacelike four-vector s* as
s = (0, h). (AD)

From the invariance of scalar products, it follows that in any
other frame,

PN A AN
suz(k ",,H"_M), §2 = —1,

my my Ey + my

sk’ = 0.

(A2)
The spin-projection operators are then given by [26]

M(s;h) = 5(1+ hysf),  h==1, (A3)
and commute with the energy projection operators (£§ +
ng) / 2mg.

The (anti)neutrino inclusive-differential cross section for
a (s; h)-polarized outgoing lepton is given by (we follow the

conventions of Ref. [13])

GF 2|]?| (ve,p) J73Y

in the laboratory (LAB) frame (nucleus at rest). In addition,
Gr = 1.1664 x 1073 GeV~? is the Fermi constant, while
WH#" and L,,(s;h) are the hadronic and polarized lepton
tensors, respectively. The latter tensor reads (€123 = +1)

d?o We:e)

_ (A4)
dQE)dE

_ 1 ,
LT ) = STRE y KA+ nys)y ']

m
- nh%Tr[V“k(l +nys)y'§l
L(Vlﬁv‘_fét) my
= MZ - nhfsa(kugva + kvg;ux

- kozg/w + inéuvaﬂkﬂ)a

(A5)

where 1 = % for the neutrino and antineutrino induced reac-
tions, respectively, m, is the mass of the outgoing lepton, and
L,,, is the unpolarized lepton tensor [13],

L™ =k ky + kuk), — kK 4 in€uapk kP .

iy

(A6)

The hadronic tensor includes all sort of nonleptonic vertices
and corresponds to the charged electroweak transitions of the
target nucleus, i, to all possible final states. It is thus given by
[13]

v I =
Wl = WZ(zn)%“(Pf —-P—9)
b

X (flitex O {f |jeer (0)10)* (A7)
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FIG. 8. Left: Maximum and minimum LAB lepton transferred energies (¢%y min

Hem

= E, — EJ"™™) as a function of the incoming neutrino

energy for weak t production off nucleons. Right: LAB t-lepton scattering angle (deg) as a function of pcm, or equivalently of the LAB
outgoing tau energy, for several incoming neutrino LAB energies: E, = 4 GeV (solid red), 6 GeV (long-dashed blue), 8 GeV (dotted green),
10 GeV (dot-dashed black), and 50 GeV (short-dashed cyan). In addition, the horizontal black solid line stands for the upper bound, 6,,,x =

arcsin (M /m. ), that is reached in the E, > M, m, limit.

with P* the four-momentum of the initial nucleus, M; =
P? the target nucleus mass, Py the total four-momentum of
the hadronic state f, and ¢ = k — k' the four-momentum
transferred to the nucleus. The bar over the sum denotes the
average over initial spins, and finally for the CC we take

Jly =Wy (1 — ys)(cosOc Wy + sinfcW,),  (A8)

b = (cosOcWy + sinOc W)y (1 — ys)¥,  (A9)
with ¥, W, and W, quark fields, and 6. the Cabibbo angle
(cos 8¢ = 0.974), and cc=+ stand for the neutrino and antineu-
trino currents.

APPENDIX B: KINEMATICS FOR r PRODUCTION
OFF NUCLEONS

We will collect here some kinematical relations for the two
body reaction,

vw(E,))N — L(k')N', C=e,pu,rt, (B1)
paying special attention to the differences induced by the large
mass of the t, with respect to the u- and e-lepton cases.
The LAB threshold neutrino energy, EIE‘; =my +m;/2M, is
around 3.5 GeV (& 2m,) for T production, while the correc-
tion (m?/2M) to m, is negligible for muons and electrons.
Taking the incoming neutrino in the positive Z axis, the lepton
scattering angle ¢y in the neutrino-nucleon center of mass
(CM) frame is not limited and thus pucy = cosOcm can take
any value between —1 and 1. The lepton energy (E;) and
scattering angle (6) in the LAB system are obtained through

(Ey + M)ESM + pemE, |k |

Ep = ,
¢ Js
s = 2ME, + M?, (B2)
ECM _ s ~|—m,§ — M?

N

1 —
tan6 = \/E CM,
E,+M pucm+a
E, EM

a=_——= (B3)
E, + M |f/|M

with K| = v(ESM)> — m2. The maximum and minimum

LAB energies of the outgoing lepton correspond to wey =

+1 and —1, respectively, and they read

(E, + M)ESM + E, |K'|M
75 )

(E, + M)EEM — E, K| M
Vs

The range of transferred energies to the nucleon in the LAB

system, and for t-lepton production, is shown in the left panel

of Fig. 8 as a function of E,,, up to 10 GeV.

The parameter a > 0, introduced in Eq. (B3), plays an
important role to determine the LAB angular distribution. It
diverges at threshold and it becomes 1 when E, > M, m,. For
muon production a < 1, except for a very narrow region (=
1 MeV) comprised between threshold and E;‘:' =m, (M —
my /2)/(M — m,), with m, the muon mass.® The situation,
conveniently rescaled, is similar for electron production. For
T production, however, a is a decreasing monotone function,

being always greater than 1 and reaching this latter value only
in the E, — oo limit. Thus, we have

max __
Ef™ =

EFn = (B4)

() a < 1 (muon and electron production): The LAB lep-
ton scattering angle 6 can take any value between
0 and &, with 6 > /2 (0 < 7 /2) for ucm < —a
(cm = —a). Furthermore, there is a biunivocal corre-
spondence between p1cy and cos 8, and hence between

%The parameter a takes the value of 1 for E, = Ej=', reaches a
minimum above this energy, and after, it begins to grow approaching
the asymptotic value of 1 for large neutrino energies.

035501-12



POLARIZATION OF t IN QUASIELASTIC ...

PHYSICAL REVIEW C 100, 035501 (2019)

the LAB variables Ey and cos§. Namely, neglecting
the muon or electron masses with respect to that of the
nucleon or the neutrino energy, one finds

ME,

Ey, = .
M+ E, —E,cosf

(B5)

(i) a > 1 (tau production): We see that tan 6 is always
greater than zero, and therefore 6 < m /2. Actually,
tan 6, seen as a function of ucy or equivalently of
the LAB outgoing tau energy, has a maximum for
tem = —1/a < 0. We find that the maximum lepton
scattering angle in the LAB frame, 6p,,y, is

]? CM M
Omax = arcsin (\/E|—|> < arcsin (—) ~ 31.9°,

vig mq
(B6)

where the upper bound is reached for E, > M, m;.
The dependence of 6 on pcy is shown in the right
panel of Fig. 8 for different incoming neutrino LAB
energies. We observe that any LAB t-scattering angle
is obtained for two different values of wcy [two differ-
ent values of the LAB t energy E, as inferred from

Eq. (B2)], and hence the (6, wcwm) correspondence
is not biunivocal in this case. One of the solutions
(A) always corresponds to the t lepton coming out
backwards in the CM frame (ucy < —1/a <> Oem >
7 /2). For the second one (B) ucm > —1/a, which,
depending on the neutrino energy and on 6, might
also correspond to pcy < 0. The CM to LAB boost
transforms both CM configurations into quite for-
ward scattering in the LAB system (8 < 32°). The
B solution gives rise to a larger (smaller) outgoing
LAB 7 energy (transferred energy ¢° = E, — Ej/) than
the A one. The details of the 6(ucy) distribution
depends on the incoming neutrino energy, as can be
seen in Fig. 8, and its asymmetry becomes more pro-
nounced as E, grows, with the the maximum position
approaching to ucvy = —1 and 6 at the maximum
t0 Omax-

This is the kinematics that always applies for
T production, while, as mentioned for muon or elec-
tron weak production, the parameter a is greater than
zero only for a very narrow range of LAB neutrino en-
ergies comprised between m; + m% /2M and my(M —
my/2)/(M — my), with £ = e, .

[1] N. Agafonova et al. (OPERA Collaboration), Phys. Rev. D 89,
051102 (2014).

[2] K. Kodama et al. (DONuT Collaboration), Phys. Rev. D 78,
052002 (2008).

[3] W. M. Bonivento (SHiP Collaboration), Proceedings of the 6th
International Conference on New Frontiers in Physics (ICNFP
2017), Crete, Greece, August 17-29, 2017, EPJ Web Conf. 182,
02016 (2018).

[4] K. Hagiwara, K. Mawatari, and H. Yokoya, Nucl. Phys. B 668,
364 (2003); 701, 405(E) (2004).

[5] K. M. Graczyk, Nucl. Phys. A 748, 313 (2005).

[6] J. Nieves and J. E. Sobczyk, Ann. Phys. 383, 455 (2017).

[7] M. Valverde, J. E. Amaro, J. Nieves, and C. Maieron, Phys. Lett.
B 642, 218 (2006).

[8] P. Fernandez de Cordoba and E. Oset, Phys. Rev. C 46, 1697
(1992).

[9] O. Benhar, A. Fabrocini, and S. Fantoni, Nucl. Phys. A 505, 267
(1989).

[10] O. Benhar, A. Fabrocini, S. Fantoni, and I. Sick, Nucl. Phys. A
579, 493 (1994).

[11] S. Fantoni and V. R. Pandharipande, Nucl. Phys. A 473, 234
(1987).

[12] A. Gil, J. Nieves, and E. Oset, Nucl. Phys. A 627, 543 (1997).

[13] J. Nieves, J. E. Amaro, and M. Valverde, Phys. Rev. C 70,
055503 (2004).

[14] J. Nieves, M. Valverde, and M. J. Vicente Vacas, Phys. Rev. C
73, 025504 (2006).

[15] J. E. Sobczyk, Phys. Rev. C 96, 045501 (2017).

[16] O. Benhar, N. Farina, H. Nakamura, M. Sakuda, and R. Seki,
Phys. Rev. D 72, 053005 (2005).

[17] O. Benhar and D. Meloni, Nucl. Phys. A 789, 379 (2007).

[18] O. Benhar and D. Meloni, Phys. Rev. D 80, 073003 (2009).

[19] O. Benhar, P. Coletti, and D. Meloni, Phys. Rev. Lett. 105,
132301 (2010).

[20] O. Benhar, Phys. Rev. C 87, 024606 (2013).

[21] N. Rocco, A. Lovato, and O. Benhar, Phys. Rev. Lett. 116,
192501 (2016).

[22] E. Vagnoni, O. Benhar, and D. Meloni, Phys. Rev. Lett. 118,
142502 (2017).

[23] J. E. Sobczyk, N. Rocco, A. Lovato, and J. Nieves, Phys. Rev.
C 97, 035506 (2018).

[24] J. E. Sobczyk, N. Rocco, A. Lovato, and J. Nieves, Phys. Rev.
C 99, 065503 (2019).

[25] R. Gran, J. Nieves, F. Sanchez, and M. J. Vicente Vacas,
Phys. Rev. D 88, 113007 (2013).

[26] F. Mandl and G. Shaw, Quantum Field Theory (Wiley, 1985).

[27] S. Galster, H. Klein, J. Moritz, K. H. Schmidt, D. Wegener, and
J. Bleckwenn, Nucl. Phys. B 32, 221 (1971).

[28] R. A. Smith and E. J. Moniz, Nucl. Phys. B 43, 605 (1972); 101,
547(E) (1975).

[29] M. B. Barbaro, R. Cenni, A. De Pace, T. W. Donnelly, and
A. Molinari, Nucl. Phys. A 643, 137 (1998).

[30] C. Maieron, T. W. Donnelly, and I. Sick, Phys. Rev. C 65,
025502 (2002).

[31] S. Fantoni, B. L. Friman, and V. R. Pandharipande, Nucl. Phys.
A 399, 51 (1983).

[32] S. Fantoni and V. R. Pandharipande, Nucl. Phys. A 427, 473
(1984).

[33] A. Ramos, A. Polls, and W. H. Dickhoff, Nucl. Phys. A 503, 1
(1989).

[34] H. Muther, G. Knehr, and A. Polls, Phys. Rev. C 52, 2955
(1995).

035501-13


https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1103/PhysRevD.89.051102
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1103/PhysRevD.78.052002
https://doi.org/10.1051/epjconf/201818202016
https://doi.org/10.1051/epjconf/201818202016
https://doi.org/10.1051/epjconf/201818202016
https://doi.org/10.1051/epjconf/201818202016
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/S0550-3213(03)00575-3
https://doi.org/10.1016/j.nuclphysb.2004.09.011
https://doi.org/10.1016/j.nuclphysb.2004.09.011
https://doi.org/10.1016/j.nuclphysb.2004.09.011
https://doi.org/10.1016/j.nuclphysa.2004.10.029
https://doi.org/10.1016/j.nuclphysa.2004.10.029
https://doi.org/10.1016/j.nuclphysa.2004.10.029
https://doi.org/10.1016/j.nuclphysa.2004.10.029
https://doi.org/10.1016/j.aop.2017.06.002
https://doi.org/10.1016/j.aop.2017.06.002
https://doi.org/10.1016/j.aop.2017.06.002
https://doi.org/10.1016/j.aop.2017.06.002
https://doi.org/10.1016/j.physletb.2006.08.087
https://doi.org/10.1016/j.physletb.2006.08.087
https://doi.org/10.1016/j.physletb.2006.08.087
https://doi.org/10.1016/j.physletb.2006.08.087
https://doi.org/10.1103/PhysRevC.46.1697
https://doi.org/10.1103/PhysRevC.46.1697
https://doi.org/10.1103/PhysRevC.46.1697
https://doi.org/10.1103/PhysRevC.46.1697
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(87)90144-8
https://doi.org/10.1016/0375-9474(87)90144-8
https://doi.org/10.1016/0375-9474(87)90144-8
https://doi.org/10.1016/0375-9474(87)90144-8
https://doi.org/10.1016/S0375-9474(97)00513-7
https://doi.org/10.1016/S0375-9474(97)00513-7
https://doi.org/10.1016/S0375-9474(97)00513-7
https://doi.org/10.1016/S0375-9474(97)00513-7
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.73.025504
https://doi.org/10.1103/PhysRevC.73.025504
https://doi.org/10.1103/PhysRevC.73.025504
https://doi.org/10.1103/PhysRevC.73.025504
https://doi.org/10.1103/PhysRevC.96.045501
https://doi.org/10.1103/PhysRevC.96.045501
https://doi.org/10.1103/PhysRevC.96.045501
https://doi.org/10.1103/PhysRevC.96.045501
https://doi.org/10.1103/PhysRevD.72.053005
https://doi.org/10.1103/PhysRevD.72.053005
https://doi.org/10.1103/PhysRevD.72.053005
https://doi.org/10.1103/PhysRevD.72.053005
https://doi.org/10.1016/j.nuclphysa.2007.02.015
https://doi.org/10.1016/j.nuclphysa.2007.02.015
https://doi.org/10.1016/j.nuclphysa.2007.02.015
https://doi.org/10.1016/j.nuclphysa.2007.02.015
https://doi.org/10.1103/PhysRevD.80.073003
https://doi.org/10.1103/PhysRevD.80.073003
https://doi.org/10.1103/PhysRevD.80.073003
https://doi.org/10.1103/PhysRevD.80.073003
https://doi.org/10.1103/PhysRevLett.105.132301
https://doi.org/10.1103/PhysRevLett.105.132301
https://doi.org/10.1103/PhysRevLett.105.132301
https://doi.org/10.1103/PhysRevLett.105.132301
https://doi.org/10.1103/PhysRevC.87.024606
https://doi.org/10.1103/PhysRevC.87.024606
https://doi.org/10.1103/PhysRevC.87.024606
https://doi.org/10.1103/PhysRevC.87.024606
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1103/PhysRevLett.118.142502
https://doi.org/10.1103/PhysRevLett.118.142502
https://doi.org/10.1103/PhysRevLett.118.142502
https://doi.org/10.1103/PhysRevLett.118.142502
https://doi.org/10.1103/PhysRevC.97.035506
https://doi.org/10.1103/PhysRevC.97.035506
https://doi.org/10.1103/PhysRevC.97.035506
https://doi.org/10.1103/PhysRevC.97.035506
https://doi.org/10.1103/PhysRevC.99.065503
https://doi.org/10.1103/PhysRevC.99.065503
https://doi.org/10.1103/PhysRevC.99.065503
https://doi.org/10.1103/PhysRevC.99.065503
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1016/0550-3213(71)90068-X
https://doi.org/10.1016/0550-3213(71)90068-X
https://doi.org/10.1016/0550-3213(71)90068-X
https://doi.org/10.1016/0550-3213(71)90068-X
https://doi.org/10.1016/0550-3213(72)90040-5
https://doi.org/10.1016/0550-3213(72)90040-5
https://doi.org/10.1016/0550-3213(72)90040-5
https://doi.org/10.1016/0550-3213(72)90040-5
https://doi.org/10.1016/0550-3213(75)90612-4
https://doi.org/10.1016/0550-3213(75)90612-4
https://doi.org/10.1016/0550-3213(75)90612-4
https://doi.org/10.1016/S0375-9474(98)00443-6
https://doi.org/10.1016/S0375-9474(98)00443-6
https://doi.org/10.1016/S0375-9474(98)00443-6
https://doi.org/10.1016/S0375-9474(98)00443-6
https://doi.org/10.1103/PhysRevC.65.025502
https://doi.org/10.1103/PhysRevC.65.025502
https://doi.org/10.1103/PhysRevC.65.025502
https://doi.org/10.1103/PhysRevC.65.025502
https://doi.org/10.1016/0375-9474(83)90593-6
https://doi.org/10.1016/0375-9474(83)90593-6
https://doi.org/10.1016/0375-9474(83)90593-6
https://doi.org/10.1016/0375-9474(83)90593-6
https://doi.org/10.1016/0375-9474(84)90226-4
https://doi.org/10.1016/0375-9474(84)90226-4
https://doi.org/10.1016/0375-9474(84)90226-4
https://doi.org/10.1016/0375-9474(84)90226-4
https://doi.org/10.1016/0375-9474(89)90252-2
https://doi.org/10.1016/0375-9474(89)90252-2
https://doi.org/10.1016/0375-9474(89)90252-2
https://doi.org/10.1016/0375-9474(89)90252-2
https://doi.org/10.1103/PhysRevC.52.2955
https://doi.org/10.1103/PhysRevC.52.2955
https://doi.org/10.1103/PhysRevC.52.2955
https://doi.org/10.1103/PhysRevC.52.2955

J.E. SOBCZYK, N. ROCCO, AND J. NIEVES

PHYSICAL REVIEW C 100, 035501 (2019)

[35] C. Mahaux, P. F. Bortignon, R. A. Broglia, and C. H. Dasso,
Phys. Rep. 120, 1 (1985).

[36] E. Marco, E. Oset, and P. Fernandez de Cordoba, Nucl. Phys. A
611, 484 (1996).

[37] R. C. Carrasco and E. Oset, Nucl. Phys. A 536, 445 (1992).

[38] J. Mougey, M. Bernheim, A. Bussiere, A. Gillibert, X. H. Phan,
M. Priou, D. Royer, 1. Sick, and G. J. Wagner, Nucl. Phys. A
262, 461 (1976).

[39] S. Turck-Chieze, in From Collective States to Quarks in Nuclei,
edited by H. Arenhtvel and A. M. Saruis (Springer, Berlin,
1981), pp. 251-257.

[40] D. Dutta ef al. (JLab E91013 Collaboration), Phys. Rev. C 68,
064603 (2003).

[41] T. De Forest, Nucl. Phys. A 392, 232 (1983).

[42] O. Benhar, D. Day, and I. Sick, Rev. Mod. Phys. 80, 189
(2008).

035501-14


https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1016/S0375-9474(96)00289-8
https://doi.org/10.1016/S0375-9474(96)00289-8
https://doi.org/10.1016/S0375-9474(96)00289-8
https://doi.org/10.1016/S0375-9474(96)00289-8
https://doi.org/10.1016/0375-9474(92)90109-W
https://doi.org/10.1016/0375-9474(92)90109-W
https://doi.org/10.1016/0375-9474(92)90109-W
https://doi.org/10.1016/0375-9474(92)90109-W
https://doi.org/10.1016/0375-9474(76)90510-8
https://doi.org/10.1016/0375-9474(76)90510-8
https://doi.org/10.1016/0375-9474(76)90510-8
https://doi.org/10.1016/0375-9474(76)90510-8
https://doi.org/10.1103/PhysRevC.68.064603
https://doi.org/10.1103/PhysRevC.68.064603
https://doi.org/10.1103/PhysRevC.68.064603
https://doi.org/10.1103/PhysRevC.68.064603
https://doi.org/10.1016/0375-9474(83)90124-0
https://doi.org/10.1016/0375-9474(83)90124-0
https://doi.org/10.1016/0375-9474(83)90124-0
https://doi.org/10.1016/0375-9474(83)90124-0
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1103/RevModPhys.80.189
https://doi.org/10.1103/RevModPhys.80.189

