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The theoretical results for the total cross sections and polarization components of the τþ lepton produced
in the charged current induced jΔSj ¼ 1 quasielastic ν̄τ − N scattering leading to hyperons (Λ, Σ) have
been presented assuming T invariance. The theoretical uncertainties arising due to the use of different
vector, axial-vector, and pseudoscalar form factors as well as the effect of SU(3) symmetry breaking have
been studied. We have also presented, for the first time, a comparison of the total cross sections for the
production of e, μ, τ leptons to facilitate the implications of lepton flavor universality in the jΔSj ¼ 1

quasielastic reactions induced by the antineutrinos of all flavors i.e., νl; l ¼ e, μ, τ.
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I. INTRODUCTION

The τ neutrinos (ντ) were experimentally observed for
the first time by the DONUT Collaboration [1,2] by
observing the τ− leptons produced through the charged
current scattering of ντ on the nucleons in the reaction,
ντ þ N → τ− þ X, where N ¼ n or p, and X represents
hadron(s) in the final state. Since then, a few τ− production
events have been observed by the OPERA Collaboration
at CERN [3–5] using accelerator neutrinos and by the
Super-Kamiokande [6,7], as well as the IceCUBE [8]
Collaborations using the atmospheric neutrinos where
the ντs are assumed to be produced through the νμ → ντ
oscillation. Since these experiments have observed very
few events of the τ lepton production, new experiments for
producing larger number of τ leptons have been proposed
by the SHiP [9–11], DsTau [12], DUNE [13–15], and
FASERν [16] Collaborations in which the number of τ
lepton events are expected to reach a few hundred during
the running time of 3–5 years of the experiment. The results
from these experiments would provide the desired data with
reasonable statistics on the total and differential scattering
cross sections as well as on the polarization components of
the τ lepton, which would enable a reliable study of the
various aspects and properties of ντ and τ leptons.
The τ lepton production in ντ − N scattering has a

threshold of 3.5 GeV in the charged current induced
quasielastic (CCQE) reactions i.e., ντðν̄τÞ þ N → τ−ðτþÞ þ
N0 (N;N0 ¼ n orp). As the energy increases, the production

of the τ leptons is accompanied with the inelastic and deep
inelastic production of hadrons. In the energy region of
ντðν̄τÞ experiments, where the energy of the produced τ
lepton is not too large compared to its rest mass
mτ ¼ 1.776 GeV, the τ leptons would not be completely
longitudinally polarized, and would also have transverse
component of the polarization [17–24]. Moreover, any
presence of the polarization component perpendicular to
the reaction plane would provide information about the T
noninvariance in ντ − N interactions [25–28]. The polari-
zation state of the τ lepton affects the total and differential
cross sections and is, therefore, an important observable in
the study of ντ − N interactions. Thus, it is highly desirable
that a comprehensive study of the τ polarization along with
the cross sections be made in the quasielastic, inelastic, and
deep inelastic reactions induced by ντ and ν̄τ on nucleons in
order to understand the ντ − N interactions.
In the case of Standard Model (SM) of particle physics,

all the leptons interact with each other through the purely
leptonic processes and with the quarks through the various
semileptonic processes, having the same strength for each
leptonic flavor. This is called the lepton flavor universality
(LFU) and is an essential feature of the SM.
The validity of LFU has been experimentally studied in

the purely leptonic decays of μ, τ leptons as well as in the
various semileptonic decays of mesons and baryons. The
LFU seems to work quite well in the case of purely leptonic
decays of μ and τ leptons and W boson [29]. In the case of
semileptonic decays of mesons and baryons like K, D, D⋆

s ,
Λ, andΛc, etc., involving quark transitions betweenmedium
heavy and light quarks i.e., s → ulν̄l, s → dll̄, c → slν̄l,
c → dlν̄l, etc., the available experimental results are in
agreement with the prediction of SM within statistical
uncertainties and no evidence of LFU violation (LFUV)
has been reported [30–36]. However, the recent indications
of LFUV in semileptonic decays in the heavy quark sector
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involving transitions like b → sll̄ and b → clν̄l at BABAR,
LHCb, BESIII, and Belle Collaborations [37–42] have
generated great interest in studying the origins of LFUV.
Further hints for the LFUV [43,44] have been inferred from
the recent measurements of the anomalous magnetic
moment (g − 2) of the muons, at the Fermilab [45], as well
as the anomalies reported in the recent measurements of the
Cabibbo angle [46] and production of lepton pairs through
the process of qq̄ → ll̄ (l ¼ e and μ) in pp collisions at
CERN [47]. In the case of b → sll̄ decays, LHCb [39]
Collaboration has reported the ratio of the branching
fractions in l ¼ μ mode to l ¼ e mode to be 2.6σ lower
than the SM prediction. While in the case of b → clν̄l
decays, all three collaborations [37] have reported the ratio
of the branching fraction in l ¼ τ mode to l ¼ μ mode,
which challengeLFUat the level of four standard deviations.
This has led to extensive theoretical work in constructing the
models of new physics (NP) going beyond the standard
model (BSM) to explain these experimental results on
LFUV in the b-quark sector [48–50]. In view of these
developments in b-quark sector, it is natural to apply these
theoretical models [48–50] in the medium heavy quark
sector involving c and s quarks decays like c → slν̄l,
c → dlν̄l, s → ulν̄l, s → dll̄ and critically study the
LFUV effects and search for them experimentally [51–
54]. While these studies are being pursued with some
interest, the need for further efforts in this direction has
been emphasized recently [34].
Notwithstanding the above efforts in the study of LFUVin

the semileptonic decays, there have been very few study of
LFUV effects in the (anti)neutrino-nucleus scattering. For
example, a comparative study of the quasielastic νeðν̄eÞ-
nucleon/nucleus and νμðν̄μÞ-nucleon/nucleus scattering and
analyzing the differences in the cross sections of these
processes arising due to the different nuclear models has
beenmade inRefs. [55–59].Moreover, the additional effects
due to the lepton mass, pseudoscalar form factor, the
radiative corrections and second class currents have
also been included in Refs. [55,60]. A comparison with
the experimental results would give information about the
presence or absence of any LFUV effects; however, the
present results on the cross sections in the neutrino energy
region of a few GeV are not precise enough to conclude
about the presence of LFUVeffects. Such studies of LFUV
effects in the (anti)neutrino scattering with νlðν̄lÞ;
(l ¼ e; μ; τ) in the strange, charm, bottom, and top quark
sectors have not been done. With the aim of exploring the
presence of such effects in the strangeness sector, we have
studied in some detail the quasielastic scattering process of
ν̄l þ N → lþ þ ΛðΣÞ; (l ¼ e; μ; τ) corresponding to u → s
transition. It should be noted that the production of these
hyperons (Λ;Σ0;−) induced by the neutrinos is not allowed
due to the jΔSj ¼ jΔQj rule.
In this work, we report on the results of the theoretical

calculations within the ambit of the SMwith implicit lepton

flavor universality for the total cross section, differential
cross section and the τ lepton polarization in the reaction
ν̄τ þ p → τþ þ ΛðΣÞ, using various parametrizations for
the vector and axial-vector form factors using SU(3)
symmetry. The uncertainties in the numerical values of
these observables due to the use of different parametriza-
tions of the form factors are discussed. We have also
studied the effect of SU(3) symmetry violation using the
various weak form factors which have been used to study
the SU(3) symmetry violating effects in the semileptonic
hyperon decays of Λ and Σ [61,62] and have discussed
the uncertainties associated with SU(3) violations. Any
deviation of the experimental results on the cross sections
and τ polarization to be obtained in future will be a signal of
LFUV. The results presented here would facilitate the study
of LFUVeffects in ν̄l (l ¼ e; μ; τ) induced processes in the
strangeness sector corresponding to u → s transition and
compliment such LFUV studies in the semileptonic decays
of strange particles [63].
In Sec. II, we present the formalism for calculating the

differential and total scattering cross sections and using
them the polarization observables of the τ lepton produced
in the quasielastic jΔSj ¼ 1 scattering processes have been
discussed in Sec. III. In Sec. IVA, we present and discuss
the numerical results obtained for the differential cross
section and polarization observables of the τ lepton and
study the dependence of the different parameteric forms of
the vector and axial-vector form factors as well as the effect
of SU(3) symmetry breaking on these observables. Similar
effects are studied in the case of total cross sections and
average polarizations in Sec. IV B. Further, we have
also studied the lepton flavor universality in the case of
e − μ and e − μ − τ sectors in the total cross sections and

the numerical results are presented for the ratios R1 ¼
σðν̄μþp→μþþΛÞ
σðν̄eþp→eþþΛÞ and R2 ¼ 2σðν̄τþp→τþþΛÞ

σðν̄μþp→μþþΛÞþσðν̄eþp→eþþΛÞ, in

Sec. IV C. Section V summarizes the results and conclude
our findings.

II. FORMALISM

A. Matrix element and weak form factors

1. Matrix element

The transition matrix element for the quasielastic
hyperon production processes depicted in Fig. 1, given by

ν̄τðkÞþNðpÞ→τþðk0ÞþYðp0Þ; N¼p;n; Y¼Λ;Σ0;Σ−;

ð1Þ

is written as

M ¼ GFffiffiffi
2

p sin θclμJμ; ð2Þ
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where the quantities in the brackets of Eq. (1) represent the
four-momenta of the respective particles, GF is the Fermi

coupling constant and θc (¼ 13.1°) is the Cabibbo mixing
angle. The leptonic current lμ is given by

lμ ¼ ūðk0Þγμð1þ γ5ÞuðkÞ: ð3Þ

The hadronic current Jμ is expressed as

Jμ ¼ ūðp0ÞΓμuðpÞ ð4Þ

with

Γμ ¼ Vμ − Aμ: ð5Þ

The vector (Vμ) and the axial-vector (Aμ) currents are given
by [25,26]

hYðp0ÞjVμjNðpÞi ¼ ūðp0Þ
�
γμfNY

1 ðQ2Þ þ iσμν
qν

M þMY
fNY
2 ðQ2Þ þ 2qμ

M þMY
fNY
3 ðQ2Þ

�
uðpÞ; ð6Þ

hYðp0ÞjAμjNðpÞi ¼ ūðp0Þ
�
γμγ5gNY

1 ðQ2Þ þ iσμν
qν

M þMY
γ5gNY

2 ðQ2Þ þ 2qμ
M þMY

gNY
3 ðQ2Þγ5

�
uðpÞ; ð7Þ

where M and MY are the masses of the initial nucleon and
the final hyperon. qð¼ k − k0 ¼ p0 − pÞ is the four-mo-
mentum transfer with Q2 ¼ −q2; Q2 ≥ 0. fNY

1 ðQ2Þ,
fNY
2 ðQ2Þ, and fNY

3 ðQ2Þ are the N − Y transition vector,
weak magnetic and induced scalar form factors and
gNY
1 ðQ2Þ, gNY

2 ðQ2Þ, and gNY
3 ðQ2Þ are the axial-vector,

induced tensor (or weak electric), and induced pseudoscalar
form factors, respectively.

2. Weak transition form factors

The weak vector and axial-vector form factors are
determined using the following assumptions, which are
consistent with the constraints due to the symmetry proper-
ties of the weak hadronic currents [64–66]:
(a) T invariance implies that all the vector [fNY

i ðQ2Þ;
i ¼ 1–3] and axial-vector [gNY

i ðQ2Þ; i ¼ 1–3] form
factors are real.

(b) The hypothesis that the charged weak vector currents
and its conjugate along with the isovector part of the
electromagnetic current form an isotriplet implies that
the weak vector form factors fNY

1 ðQ2Þ and fNY
2 ðQ2Þ

are related to the isovector electromagnetic form
factors of the nucleon. The hypothesis ensures con-
servation of vector current (CVC) in the weak sector.

(c) The hypothesis of CVC of the weak vector currents
implies that f3ðQ2Þ ¼ 0.

(d) The principle of G-invariance implies the second class
current form factors to be zero, i.e., fNY

3 ðQ2Þ ¼ 0

and gNY
2 ðQ2Þ ¼ 0.

(e) The hypothesis of partially conserved axial-
vector current (PCAC) relates the pseudoscalar form
factor [gNY

3 ðQ2Þ] to the axial-vector form factor
[gNY

1 ðQ2Þ], through the Goldberger-Treiman (GT)
relation.

(f) The assumption of SU(3) symmetry of the weak
hadronic currents implies that the vector and axial-
vector currents transform as an octet under the SU(3)
group of transformations.

The determination of all the weak form factors is based on
the symmetry properties discussed above, and the details
are given in Ref. [25,26]. The explicit expressions of the
vector and axial-vector form factors for the different N − Y
transitions, assuming the SU(3) symmetry are given in
Sec. II A 3, while the effects of SU(3) symmetry breaking
on these form factors are discussed in Sec. II A 4.

3. Form factors with SU(3) symmetry

The weak vector and the axial-vector currents corre-
sponding to theΔS ¼ 1 currents whose matrix elements are
defined between the initial [jNi] and final [jYi] states in
Eq. (1) are assumed to belong to the octet representation of
the SU(3). Since jNi and jYi also belong to the octet
representation under SU(3), each of these form factors are
described in terms of the functions DðQ2Þ and FðQ2Þ
corresponding to the symmetric (S) and antisymmetric
(A) couplings and the SU(3) Clebsch-Gordan coefficients.
Explicitly, the form factors can be expressed as (for details,
see Ref. [26])

FIG. 1. Feynman diagram for the process ν̄τðkÞ þ NðpÞ →
τþðk0Þ þ Yðp0Þ, whereN ¼ p, n; Y ¼ Λ;Σ0;Σ− and the quantities
in the bracket represent the four-momenta of the corresponding
particles.
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fiðQ2Þ ¼ aFV
i ðQ2Þ þ bDV

i ðQ2Þ; ð8Þ

giðQ2Þ ¼ aFA
i ðQ2Þ þ bDA

i ðQ2Þ; i ¼ 1; 2; 3 ð9Þ

The Clebsch-Gordan coefficients a and b are calculated for
each N − Y transitions and are given in Table I.
From Table I, we see that the SU(3) symmetry predicts a

relation between the vector and axial-vector form factors
for the transitions p → Σ0 and n → Σ−, which implies that

�
dσ
dQ2

�
p→Σ0

¼ 1

2

�
dσ
dQ2

�
n→Σ−

; ð10Þ

and

½PL;P�p→Σ0 ¼ ½PL;P�n→Σ− : ð11Þ

(i) Vector form factors: In the case of vector form
factors, the functions DV

i ðQ2Þ and FV
i ðQ2Þ are

determined in terms of the nucleon electromagnetic
form factors fn;pi ðQ2Þ; (i ¼ 1, 2), following the same
method as discussed above [Eq. (8)] in the case of
electromagnetic interactions, i.e.,

DV
i ðQ2Þ ¼ −

3

2
fni ðQ2Þ; i ¼ 1; 2 ð12Þ

FV
i ðQ2Þ ¼ fpi ðQ2Þ þ 1

2
fni ðQ2Þ; i ¼ 1; 2: ð13Þ

Using the expressions of DV
i ðQ2Þ and FV

i ðQ2Þ
obtained above and the values of the coefficients
a and b from Table I, the vector form factors
fNY
1;2 ðQ2Þ are expressed in terms of the nucleon

electromagnetic form factors as

fpΛ1;2ðQ2Þ ¼ −
ffiffiffi
3

2

r
fp1;2ðQ2Þ; ð14Þ

fnΣ
−

1;2 ðQ2Þ ¼ −½fp1;2ðQ2Þ þ 2fn1;2ðQ2Þ�; ð15Þ

fpΣ
0

1;2 ðQ2Þ ¼ −
1ffiffiffi
2

p ½fp1;2ðQ2Þ þ 2fn1;2ðQ2Þ�: ð16Þ

The electromagnetic nucleon form factors, in turn,
are expressed in the terms of the Sachs’ electric

[GEðQ2Þ] andmagnetic [GMðQ2Þ] form factors of the
nucleons, for which various parametrizations are
available in the literature [67–74]. For the numerical
calculations, we have used the parametrization given
by Bradford et al. (BBBA05) [67] unless stated
otherwise.

(ii) Axial-vector form factors: We express gNY
1 ðQ2Þ in

terms of g1ðQ2Þ and x1ðQ2Þ, which are defined as

g1ðQ2Þ ¼ FA
1 ðQ2Þ þDA

1 ðQ2Þ; ð17Þ

x1ðQ2Þ ¼ FA
1 ðQ2Þ

FA
1 ðQ2Þ þDA

1 ðQ2Þ ; ð18Þ

where FA
1 ðQ2Þ and DA

1 ðQ2Þ are the antisymmetric
and symmetric couplings of the two octets, deter-
mined from the semileptonic decays of hyperons at
very low Q2 ≈ 0. It may be pointed out that there is
no information available in the literature, for the Q2

dependence of these parameters. Therefore, phe-
nomenologically same Q2 dependence for FA

1 and
DA

1 , that is the dipole form is assumed, with FA
1 ð0Þ ¼

F ¼ 0.463 and DA
1 ð0Þ ¼ D ¼ 0.804 [75], such that

the parameter x1ðQ2Þ becomes a constant, i.e.,
x1ðQ2Þ ≈ x1ð0Þ ¼ 0.364.

The explicit expressions of gNY
1 ðQ2Þ for p → Λ,

p → Σ0 and n → Σ− are given as

gpΛ1 ðQ2Þ ¼ −
1ffiffiffi
6

p ð1þ 2x1Þg1ðQ2Þ; ð19Þ

gnΣ
−

1 ðQ2Þ ¼ ð1 − 2x1Þg1ðQ2Þ; ð20Þ

gpΣ
0

1 ðQ2Þ ¼ 1ffiffiffi
2

p ð1 − 2x1Þg1ðQ2Þ; ð21Þ

where

g1ðQ2Þ ¼ gAð0Þ
ð1þ Q2

M2
A
Þ2
; ð22Þ

with gAð0Þ ¼ 1.267 [75] andMA ¼ 1.026 GeV [76].
(iii) Pseudoscalar form factor: The contribution of

gNY
3 ðQ2Þ in ντðν̄τÞ − N scattering is significant due
to the high value of mτ. In the literature, there exists
two parametrizations, given by Marshak et al. [64]
and by Nambu [77], for the pseudoscalar form factor
in the ΔS ¼ 1 channel. In order to study the effect of
the pseudoscalar form factor on the cross section and
polarization observables, we have used both the
parametrizations. The expression of the pseudoscalar
form factor parametrized by Nambu [77] is given as

gNY
3 ðQ2Þ ¼ ðM þMYÞ2

2ðm2
K þQ2Þ g

NY
1 ðQ2Þ; ð23Þ

where mK is the kaon mass.

TABLE I. Values of the coefficients a and b given in
Eqs. (8)–(9).

Transitions a b

p → Λ −
ffiffi
3
2

q
− 1ffiffi

6
p

p → Σ0 − 1ffiffi
2

p 1ffiffi
2

p

n → Σ− −1 1
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In the parametrization of Marshak et al. [64],
the expression for the pseudoscalar form factor is
given as

gNY
3 ðQ2Þ¼ðMþMYÞ2

2Q2

gNY
1 ðQ2Þðm2

KþQ2Þ−m2
Kg

NY
1 ð0Þ

m2
KþQ2

:

ð24Þ

4. Form factors with SU(3) symmetry
breaking effects

In the literature, SU(3) symmetry breaking effects have
been studied by various groups [78–86] especially in the

case of semileptonic decays of hyperons. In this work, we
have studied the effect of SU(3) symmetry breaking para-
metrized in the two models by Faessler et al. [62] and
Schlumpf [61]:
(A) Faessler et al. [62]: The main features of the model

may be summarized as follows:
(i) At the leading order, there is no symmetry

breaking effect for the vector form factor
fNY
1 ðQ2Þ because of the Ademollo-Gatto theo-

rem [87].
(ii) In the presence of SU(3) symmetry breaking,

the value of fNY
2 ðQ2Þ is modified from its SU(3)

symmetric value fNY
2 ðQ2Þ to FNY

2 ðQ2Þ, as

fpΛ2 ðQ2Þ → FpΛ
2 ðQ2Þ ¼ fpΛ2 ðQ2Þ − 1

3
ffiffiffi
6

p ½HV
1 ðQ2Þ − 2HV

2 ðQ2Þ − 3HV
3 ðQ2Þ − 6HV

4 ðQ2Þ�; ð25Þ

fnΣ
−

2 ðQ2Þ → F nΣ−

2 ðQ2Þ ¼ fnΣ
−

2 ðQ2Þ − 1

3
½HV

1 ðQ2Þ þHV
3 ðQ2Þ�; ð26Þ

fpΣ
0

2 ðQ2Þ → FpΣ0

2 ðQ2Þ ¼ fpΣ
0

2 ðQ2Þ − 1

3
ffiffiffi
2

p ½HV
1 ðQ2Þ þHV

3 ðQ2Þ�; ð27Þ

where fNY
2 ðQ2Þ for the differentN − Y transitions are given

in Eqs. (14)–(16) and HV
i ðQ2Þ; i ¼ 1–4 are the SU(3)

symmetry breaking terms. Since the symmetry breaking
effects, in this model, are studied for the semileptonic
decays of hyperons at very low Q2, i.e., Q2 ≃ 0, therefore,
no information about the Q2 dependence of HV

i ðQ2Þ is
available in the literature. For simplicity, a dipole para-
metrization is assumed

HV
i ðQ2Þ ¼ HV

i ð0Þ
ð1þ Q2

M2
V
Þ2
; i ¼ 1 − 4; ð28Þ

where MV ¼ 0.84 GeV is the vector dipole mass, and the
values of the couplings HV

i ð0Þ are given in Ref. [62], and
are here quoted as

HV
1 ð0Þ ¼ −0.246; HV

2 ð0Þ ¼ 0.096;

HV
3 ð0Þ ¼ 0.021; HV

4 ð0Þ ¼ 0.030:

Similarly, the axial-vector form factor gNY
1 ðQ2Þ, in the

presence of SU(3) symmetry breaking, is modified to
GNY
1 ðQ2Þ as

gpΛ1 ðQ2Þ→GpΛ
1 ðQ2Þ¼gpΛ1 ðQ2Þ− 1

3
ffiffiffi
6

p ½HA
1 ðQ2Þ−2HA

2 ðQ2Þ

−3HA
3 ðQ2Þ−6HA

4 ðQ2Þ�; ð29Þ

gnΣ
−

1 ðQ2Þ → GnΣ−

1 ðQ2Þ ¼ gnΣ
−

1 ðQ2Þ

−
1

3
½HA

1 ðQ2Þ þHA
3 ðQ2Þ�; ð30Þ

gpΣ
0

1 ðQ2Þ→GpΣ0

1 ðQ2Þ¼gpΣ
0

1 ðQ2Þ

þ 1

3
ffiffiffi
2

p ½HA
1 ðQ2ÞþHA

3 ðQ2Þ�; ð31Þ

with gNY
1 ðQ2Þ defined in Eqs. (19)–(21) and a dipole

parametrization is assumed for HA
i ðQ2Þ as

HA
i ðQ2Þ ¼ HA

i ð0Þ
ð1þ Q2

M2
A
Þ2
; i ¼ 1 − 4 ð32Þ

where the couplings HA
i ð0Þ are [62]

HA
1 ð0Þ ¼ −0.050; HA

2 ð0Þ ¼ 0.011;

HA
3 ð0Þ ¼ −0.006; HA

4 ð0Þ ¼ 0.037:

(iii) Since the pseudoscalar form factor is para-
metrized in terms of the axial-vector form
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factor [Eqs. (23) and (24)], therefore, it re-
ceives SU(3) symmetry breaking effect
via gNY

1 ðQ2Þ.
(B) Schlumpf [61]: Schlumpf [61] has studied SU(3)

symmetry breaking in the hadronic current contain-
ing vector (f1) and axial-vector (g1) form factors
using the relativistic quark model, and this symmetry
breaking in the model originates from the mass
difference between ms and mu=d quarks. The modi-
fied f1 and g1 form factors are given by

f1ðQ2Þ → f01ðQ2Þ ¼ αf1ðQ2Þ;
g1ðQ2Þ → g01ðQ2Þ ¼ βg1ðQ2Þ; ð33Þ

where α ¼ 0.976, 0.975, and 0.975; β ¼ 1.072,
1.051, and 1.056, respectively for p → Λ, p → Σ0

and n → Σ− transitions. Since the induced pseudo-
scalar form factor g3 is related to the axial-vector
form factor g1, this modification is also applicable to
the terms containing g3 through Eqs. (23) and (24).

III. CROSS SECTION AND POLARIZATION
OBSERVABLES OF THE FINAL LEPTON

A. Cross section

The general expression of the differential cross section
for the processes given in Eq. (1), in the laboratory frame, is
given by

dσ¼ 1

ð2πÞ2
1

4MEν̄τ

δ4ðkþp−k0−p0Þd
3k0

2Ek0

d3p0

2Ep0

XX
jMj2:

ð34Þ

Using Eqs. (2)–(4), the transition matrix element squared
is obtained as

XX
jMj2 ¼ G2

Fsin
2θc

2
J μνLμν; ð35Þ

where the hadronic (J μν) and the leptonic (Lμν) tensors are
obtained using Eqs. (3) and (4) as

J μν ¼
XX

JμJ
†
ν; Lμν ¼

X̄ X
lμl

†
ν: ð36Þ

Following the above definitions, the differential scatter-
ing cross section dσ=dQ2 for the processes given in Eq. (1)
is written as

dσ
dQ2

¼ G2
F sin

2 θc
8πM2E2

ν̄τ

NðQ2Þ; ð37Þ

where NðQ2Þ ¼ J μνLμν is obtained from the expression
given in Appendix A of Ref. [26] with the substitution of
M0 ¼ MY and mμ ¼ mτ.

B. Polarization of the final lepton

Using the covariant density matrix formalism, the
polarization four-vector (ζτ) of the τ lepton produced in
the final state in the reactions given in Eq. (1) is written as
[88,89]

ζτ ¼ Tr½γτγ5ρfðk0Þ�
Tr½ρfðk0Þ�

; ð38Þ

and the spin density matrix for the final lepton ρfðk0Þ is
given by

ρfðk0Þ ¼ J αβTr½Λðk0Þγαð1þ γ5ÞΛðkÞγ̃βð1þ γ̃5ÞΛðk0Þ�;
ð39Þ

with γ̃α ¼ γ0γ†αγ0 and γ̃5 ¼ γ0γ†5γ
0.

Using the following relations

Λðk0Þγτγ5Λðk0Þ ¼ 2mτ

�
gτσ −

k0τk0σ

m2
τ

�
Λðk0Þγσγ5; ð40Þ

and

Λðk0ÞΛðk0Þ ¼ 2mτΛðk0Þ; ð41Þ

ζτ defined in Eq. (38) may also be rewritten as

ζτ ¼
�
gτσ −

k0τk0σ

m2
τ

�

×
J αβTr½γσγ5Λðk0Þγαð1þ γ5ÞΛðkÞγ̃βð1þ γ̃5Þ�
J αβTr½Λðk0Þγαð1þ γ5ÞΛðkÞγ̃βð1þ γ̃5Þ�

; ð42Þ

where mτ is the mass of the τ lepton. In Eq. (42), the
denominator is directly related to the differential cross
section given in Eq. (37).
With J αβ and Lαβ given in Eq. (36), an expression for ζτ

is obtained. In the laboratory frame where the initial
nucleon is at rest, the polarization vector ζ⃗, assuming T
invariance, is calculated to be a function of the three-
momenta of incoming antineutrino ðk⃗Þ and outgoing lepton
ðk⃗0Þ, and is given as

ζ⃗ ¼ ½AlðQ2Þk⃗þ BlðQ2Þk⃗0�; ð43Þ

where the expressions of AlðQ2Þ and BlðQ2Þ are obtained
from the expression given in Appendix B of Ref. [26] with
the substitution M0 ¼ MY and mμ ¼ mτ.
One may expand the polarization vector ζ⃗ along the

orthogonal directions, êlL, ê
l
P, and êlT in the reaction plane
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corresponding to the longitudinal, perpendicular, and trans-
verse directions of the final lepton (l), as depicted in Fig. 2
and defined as

êlL ¼ k⃗0

jk⃗0j
; êlP ¼ êlL × êlT ; where êlT ¼ k⃗× k⃗0

jk⃗× k⃗0j
: ð44Þ

We then write ζ⃗ as

ζ⃗ ¼ ζLêlL þ ζPêlP þ ζTêlT; ð45Þ

such that the longitudinal and perpendicular components of
the ζ⃗ in the laboratory frame are given by

ζLðQ2Þ ¼ ζ⃗ · êlL; ζPðQ2Þ ¼ ζ⃗ · êlP: ð46Þ

From Eq. (46), the longitudinal PLðQ2Þ and perpendicular
PPðQ2Þ components of the polarization vector defined in
the rest frame of the outgoing lepton are given by

PLðQ2Þ ¼ mτ

Ek0
ζLðQ2Þ; PPðQ2Þ ¼ ζPðQ2Þ; ð47Þ

where mτ
Ek0

is the Lorentz boost factor along k⃗0. Using

Eqs. (43), (44), and (46) in Eq. (47), the longitudinal
PLðQ2Þ and perpendicular PPðQ2Þ components are calcu-
lated to be

PLðQ2Þ ¼ mτ

Ek0

AlðQ2Þk⃗:k⃗0 þ BlðQ2Þjk⃗0j2
NðQ2Þjk⃗0j

; ð48Þ

PPðQ2Þ ¼ AlðQ2Þ½jk⃗j2jk⃗0j2 − ðk⃗:k⃗0Þ2�
NðQ2Þjk⃗0jjk⃗ × k⃗0j

; ð49Þ

where NðQ2Þ ¼ J μνLμν is obtained from the expression
given in Appendix A of Ref. [26].

IV. RESULTS AND DISCUSSION

In this section, we present and discuss the results of the
differential (Sec. IVA) and total (Sec. IV B) scattering
cross sections as well as the polarization observables of the
final τ lepton produced in the jΔSj ¼ 1 quasielastic
scattering of ν̄τ from nucleons. We also present a com-
parison of the total cross section for the production of e, μ,
and τ leptons in the quasielastic scattering of ν̄e, ν̄μ, and ν̄τ
to demonstrate the implications of LFU in these processes
(Sec. IV C).

A. Differential scattering cross section and polarization
observables

We have used Eqs. (37), (48), and (49), respectively, to
numerically evaluate the differential scattering cross sec-
tion dσ=dQ2, the longitudinal [PLðQ2Þ] and the
perpendicular [PPðQ2Þ] components of polarization of τ
lepton. The Dirac and Pauli form factors fN1;2ðQ2Þ;
(N ¼ p; n) are expressed in terms of the electric and
magnetic Sachs’ form factors, for which the various para-
metrizations [67–72] available in the literature, have been
used. For g1ðQ2Þ a dipole parametrization has been used
[Eq. (22)], with the world average value of the axial-dipole
mass MA ¼ 1.026 GeV. For the pseudoscalar form factor
g3ðQ2Þ, the parametrizations given by Nambu [77] and
Marshak et al. [64] have been used. The numerical results
of the differential scattering cross section and polarization
observables obtained assuming SU(3) symmetry and the
results with SU(3) symmetry breaking effects, using the
prescriptions of: (i) Faessler et al. [62], and (ii) Schlumpf
[61], are presented separately for the Λ and Σ− productions
from the nucleons. The results for the Σ0 production can be
expressed in terms of the Σ− production in the SU(3)
symmetric limit [Eqs. (10) and (11)] and are not presented
separately.

1. Λ production

In Fig. 3, we present the results for the Q2 distribution
i.e., dσ

dQ2, PLðQ2Þ and PPðQ2Þ vs Q2 for ν̄τ þ p → τþ þ Λ
process at the three different values of energy viz.
Eν̄τ ¼ 4 GeV, 5 GeV, and 10 GeV, assuming SU(3)
symmetry with MA ¼ 1.026 GeV and using the different
parametrizations of the nucleon vector form factors viz.
BBBA05 [67], Alberico [70], Bosted [68], Galster [72], and
Kelly [71]. We see that at low ν̄τ energies, for example at
Eν̄τ ¼ 4 GeV, there is considerable dependence of the
different parametrizations of the vector form factors on
dσ
dQ2, PLðQ2Þ, and PPðQ2Þ distributions. However, with the

increase in ν̄τ energy, this difference decreases and becomes

(a) (b)

FIG. 2. (a) Momentum and polarization directions of the final
lepton produced in the reaction ν̄τðkÞ þ NðpÞ → τþðk0Þ þ Yðp0Þ.
(b) êlL, êlP, and êlT represent the orthogonal unit vectors
corresponding to the longitudinal, perpendicular and transverse
directions with respect to the momentum of the final lepton.
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almost negligible at higher energies, like at Eν̄τ ¼ 10 GeV,
especially for dσ

dQ2 and PLðQ2Þ distributions.
To study the effect of the variation in MA (in the range

0.9 GeV–1.3 GeV) on the differential cross section and
polarization observables, we present in Fig. 4, the results
for dσ

dQ2, PLðQ2Þ and PPðQ2Þ distributions at Eν̄τ ¼ 4 GeV,

5 GeV, and 10 GeV. We find that at low ν̄τ energies, there is
a significant dependence of these distributions on the
choice of MA. With the increase in ν̄τ energy, this
dependence on the variation in MA decreases, especially
for dσ

dQ2 and to some extent for PLðQ2Þ but not for PPðQ2Þ
distribution. Moreover, it is important to point out that in
the case of ν̄τ þ p → τþ þ Λ reaction, with the increase in
MA, dσ

dQ2 decreases (0.9 GeV to 1.1 GeV), but with the

further increase inMA (1.1 GeV to 1.3 GeV), dσ
dQ2 increases,

which is not generally the case in νl þ n → l− þ p;
(l ¼ e; μ; τ) scattering. Moreover, in the case of
ν̄l þ p → lþ þ n, we have observed that with the increase
in MA, dσ

dQ2 decreases (from 0.9 GeV to 1.1 GeV) and with

further increase in MA ¼ 1.2 GeV, dσ
dQ2 increases [17]. In

the present work, for Λ production we observe a similar
trend as in the case of the ν̄τ induced CCQE reaction [17].
In the ν̄τ induced reactions because of the production of
massive τ lepton in the final state, the pseudoscalar
form factor becomes significant. The variation in dσ

dQ2

observed in Fig. 4 arises due to interference of the
pseudoscalar form factor with axial-vector and vector form
factors.

FIG. 3. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versus Q2 for the process ν̄τ þ p → τþ þ Λ at Eν̄τ ¼ 4 GeV

(upper panel), 5 GeV (middle panel) and 10 GeV (lower panel). The calculations have been performed using the SU(3) symmetry with
the axial dipole mass MA ¼ 1.026 GeV and for the different parametrizations of the nucleon vector form factors viz. BBBA05 [67]
(solid line), Alberico et al. [70] (dashed-dotted line), Bosted [68] (dotted line), Galster et al. [72] (double-dotted-dashed line), and Kelly
[71] (double-dashed-dotted line).
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To see the dependence of dσ
dQ2, PLðQ2Þ and PPðQ2Þ on the

pseudoscalar form factor gNY
3 ðQ2Þ, we have used the two

parametrizations of gNY
3 ðQ2Þ given in Eqs. (23) by Nambu

[77], and (24) by Marshak et al. [64], and show the
numerical results in Fig. 5. It may be observed that at
low ν̄τ energies, there is a large dependence on the choice of
gNY
3 ðQ2Þ. While with the increase in Eν̄τ , this dependence
on the choice of gNY

3 ðQ2Þ becomes almost negligible for the
dσ
dQ2 distribution, whereas for PLðQ2Þ and PPðQ2Þ distri-

butions, they are found to be quite significant even for the
higher values of Eν̄τ , say Eν̄τ ¼ 10 GeV.
In Fig. 6 we present the results for dσ

dQ2, PLðQ2Þ and
PPðQ2Þ vs Q2 at Eν̄τ ¼ 4 GeV, 5 GeV, and 10 GeV, when
the SU(3) symmetry breaking effects are taken into account

following the prescription of Faessler et al. [62] and
Schlumpf [61]. We observe that at low ν̄τ energies, for
example at Eν̄τ ¼ 4 GeV, there is some effect of SU(3)
symmetry breaking on the dσ

dQ2 if the parametrization by

Schlumpf [61] is used, while there is almost no effect if one
uses the parametrization of Faessler et al. [62]. Moreover,
with the increase in ν̄τ energy, the difference in dσ

dQ2 due to

the use of the parametrization of SU(3) symmetry breaking
becomes almost negligible. In the case of PLðQ2Þ and
PPðQ2Þ, the SU(3) symmetry breaking effect is small and is
in the range of 1%–2% using Faessler’s model [62] and in
the range of 4%–8% using Schlumpf’s model [61] at
Eν̄τ ¼ 4 GeV, which becomes even smaller as Eν̄τ is
increased.

FIG. 4. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versus Q2 for the process ν̄τ þ p → τþ þ Λ at Eν̄τ ¼ 4 GeV

(upper panel), 5 GeV (middle panel) and 10 GeV (lower panel). The calculations have been performed using the SU(3) symmetry with
the electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and for the axial-vector form factor, the different values
of MA have been used viz. MA ¼ 0.9 GeV (solid line), 1.026 GeV (dashed line), 1.1 GeV (dashed-dotted line), 1.2 GeV (dotted line),
and 1.3 GeV (double-dotted-dashed line).
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2. Σ− production

In Fig. 7 we present the results for dσ
dQ2, PLðQ2Þ and

PPðQ2Þ vsQ2 for the process ν̄τ þ n → τþ þ Σ− at the two
different value of energies viz. Eν̄τ ¼ 5 GeV and 10 GeV,
using the different parametrizations of the nucleon vector
form factors viz. BBBA05 [67], Alberico [70], Bosted [68],
Galster [72], and Kelly [71]. We observe that at low ν̄τ
energies, for example at Eν̄τ ¼ 5 GeV, there is considerable
dependence of the different parametrizations of the vector
form factors on dσ

dQ2, PLðQ2Þ, and PPðQ2Þ distributions.

However, unlike the case of Λ production (Fig. 4), with the
increase in ν̄τ energy, this difference further increases and
becomes quite significant at higher energies, especially for
the distributions of the polarization observables PLðQ2Þ
and PPðQ2Þ.

The effect of MA variation on the differential cross
section and polarization observables are presented in Fig. 8,
at Eν̄τ ¼ 5 GeV and 10 GeV by varying MA in the range
0.9 GeV–1.3 GeV. We find that at low ν̄τ energies, there is
large dependence of these distributions on the choice of
MA, which increases with an increase in antineutrino
energy. It should be noted that in the case of Λ production
(Fig. 4), the variation of MA on the differential scattering
cross section is quite different as compared to the MA
variation in Σ− production. This difference arises due to the
different parameteric form of the axial-vector form factor
gNY
1 ðQ2Þ for p → Λ [Eq. (19)] and n → Σ− [Eq. (19)]
transitions.
A comparative study of the results presented in Figs. 3–5

for Λ production and in Figs. 7 and 8 for Σ− production
shows that the Q2 dependence as well as the energy

FIG. 5. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versus Q2 for the process ν̄τ þ p → τþ þ Λ at Eν̄τ ¼ 4 GeV

(upper panel), 5 GeV (middle panel), and 10 GeV (lower panel). The calculations have been performed using the SU(3) symmetry with
the electric and magnetic Sachs form factors parametrized by Bradford et al. [67], MA ¼ 1.026 GeV, and for the different
parametrizations of the pseudoscalar scalar form factor, viz. the parametrizations given by Nambu [77] (solid line) and by Marshak
et al. [64] (dashed line).
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dependence of the differential cross section dσ
dQ2 are different

in the two cases. These differences arise mainly due to the
different vector [see Eqs. (14)–(16)] and axial-vector form
factors [see Eqs. (19)–(21)] appearing in these cases.
Moreover, in the case of Σ− production, the electromagnetic
form factor of the neutron also contributes, unlike the Λ
production. The above structure of the matrix elements and
their dependence on the form factors leads to different Q2

and energy behavior in production of these two hyperons.
In Fig. 9 we show the effect of SU(3) symmetry breaking

by taking into account the parametrizations given by
Faessler et al. [62] and Schlumpf [61] on dσ

dQ2, PLðQ2Þ
and PPðQ2Þ vs Q2 at Eν̄τ ¼ 5 GeV and 10 GeV. From the
figure it may be observed that in the case of dσ

dQ2, the effect of

SU(3) symmetry breaking is quite small. However, PLðQ2Þ

shows small effect of SU(3) symmetry breaking, which is
about 8% using the parametrization of Faessler et al. [62]
and ∼10% using the parametrization of Schlumpf [61] at
Eν̄τ ¼ 5 GeV, and becomes even smaller with an increase in
Eν̄τ , whereas PPðQ2Þ shows a small change (1%–2%)
when the SU(3) symmetry breaking effects are taken into
account.

B. Total scattering cross section and average
polarizations

To study the dependence of the total scattering
cross section σðEν̄τÞ and the average polarizations
PL;PðEν̄τÞ on Eν̄τ , we have integrated dσ=dQ2 and
PL;PðQ2Þ over Q2, and obtained the expressions for
σðEν̄τÞ and PL;PðEν̄τÞ i.e.,

FIG. 6. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versus Q2 for the process ν̄τ þ p → τþ þ Λ at Eν̄τ ¼ 4 GeV

(upper panel), 5 GeV (middle panel), and 10 GeV (lower panel). The calculations have been performed with MA ¼ 1.026 GeV and
BBBA05 [67] for the vector form factors with SU(3) symmetry (solid line), SU(3) symmetry breaking effects parametrized by Faessler
et al. [62] (dashed line) and the symmetry breaking effects parametrized by Schlumpf [61] (dashed-dotted line).
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FIG. 8. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versusQ2 for the process ν̄τ þ n → τþ þ Σ− at Eν̄τ ¼ 5 GeV

(upper panel) and 10 GeV (lower panel). The calculations have been performed using the SU(3) symmetry with the electric and magnetic
Sachs form factors parametrized by Bradford et al. [67] and for the axial form factor, the different values of MA have been used viz.
MA ¼ 0.9 GeV (solid line), 1.026 GeV (dashed line), 1.1 GeV (dashed-dotted line), 1.2 GeV (dotted line), and 1.3 GeV (double-dotted-
dashed line).

FIG. 7. dσ
dQ2 (left panel), PLðQ2Þ (middle panel) and PPðQ2Þ (right panel) versusQ2 for the process ν̄τ þ n → τþ þ Σ− at Eν̄τ ¼ 5 GeV

(upper panel) and 10 GeV (lower panel). The calculations have been performed using the SU(3) symmetry with the axial dipole mass
MA ¼ 1.026 GeV and for the different parametrizations of the nucleon vector form factors viz. BBBA05 [67] (solid line), Alberico et al.
[70] (dashed-dotted line), Bosted [68] (dotted line), Galster et al. [72], (double-dotted-dashed line) and Kelly [71] (double-dashed-
dotted line).
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σðEν̄τÞ ¼
Z

Q2
max

Q2
min

dσ
dQ2

dQ2; ð50Þ

PL;PðEν̄τÞ ¼
RQ2

max

Q2
min

PL;PðQ2Þ dσ
dQ2 dQ2

RQ2
max

Q2
min

dσ
dQ2 dQ2

: ð51Þ

In this section we present the results for the total cross
section [Eq. (50)] and average polarizations [Eq. (51)] of
the tau lepton produced in ν̄τ þ N → τþ þ Y processes,
separately for Λ and Σ− productions, in Secs. IV B 1 and
IV B 2, respectively. This work focuses on ν̄τ interactions in
the GeV energy region in which quasielastic induced
reactions make significant contribution. With the increase
in antineutrino energy, the inelastic and deep inelastic
scattering induced reactions start dominating the total
lepton production. In the region of antineutrino energy
Eν̄τ > 10 GeV, the quasielastic contribution becomes small
[90] and becomes almost negligible as compared to DIS
around Eν̄τ ∼ 100 GeV, relevant for the future experiments
like FASERν [16] and SHiP [9–11].

1. Λ production

In Fig. 10 the results are presented for σ as well as for
PLðEν̄τÞ and PPðEν̄τÞ obtained using the different values of
MA viz. MA ¼ 0.9, 1.026, 1.1, 1.2, and 1.3 GeV for the

process ν̄τ þ p → τþ þ Λ. As expected, σ increases with
the increase in antineutrino energy as well as it increases in
magnitude with higher values of MA. For example, at
Eν̄τ ¼ 10 GeV, σ increases by about 25%, when the value
of MA is increased from its world average value
(MA ¼ 1.026 GeV) by 30% and a decrease in the value
of MA by 10% from the world average value, decreases the
cross section by ∼7%. At low antineutrino energies
Eν̄τ ¼ 4 GeV, PLðEν̄τÞ increases with the increase in
MA, which is almost 40% when MA is varied from
0.9 GeV to 1.3 GeV. However, with the increase in Eν̄τ ,
this variation in PLðEν̄τÞ decreases and becomes almost
negligible at Eν̄τ ¼ 10 GeV. We observe some dependence
ofMA on PPðEν̄τÞ in the entire range of Eν̄τ . Note that in the
case of Λ production, σ, PLðEν̄τÞ, and PPðEν̄τÞ are almost
insensitive to the different parametrizations of the Sachs’
form factors, and are not shown here explicitly.
In Fig. 11 we show the dependence of σ and PL;PðEν̄τÞ

on the pseudoscalar form factor, when the parametrizations
by Marshak et al. [64] and Nambu [77] are used in the
numerical calculations. It may be observed from the figure
that σ, as well as the average polarizations, show some
dependence on the pseudoscalar form factor.
In Fig. 12 we present the results for σ, PLðEν̄τÞ and

PPðEν̄τÞ with SU(3) symmetry as well as when the SU(3)
symmetry breaking effects are taken into account following

FIG. 9. dσ
dQ2 (left panel), PLðQ2Þ (middle panel), and PPðQ2Þ (right panel) versusQ2 for the process ν̄τ þ n → τþ þ Σ− at Eν̄τ ¼ 5 GeV

(upper panel) and 10 GeV (lower panel). The calculations have been performed with MA ¼ 1.026 GeV assuming SU(3) symmetry
(solid line), as well as with SU(3) symmetry breaking effects parametrized by Faessler et al. [62] (dashed line), and by Schlumpf [61]
(dashed-dotted line).
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the prescriptions of Faessler et al. [62] and Schlumpf [61].
We find that there is not much effect of SU(3) symmetry
breaking on σ, while there is some effect on PLðEν̄τÞ
whereas in the case of PPðEν̄τÞ, the effect is found to be
significant.

2. Σ− production

The dependence of the total cross section and the average
polarizations onMA are shown in Fig. 13, where we present
the results for σ and PL;PðEν̄τÞ for the process ν̄τ þ n →
τþ þ Σ− by varying MA in the range, MA ¼ 0.9 GeV to

FIG. 10. σ (left panel), PLðEν̄τ Þ (middle panel), and PPðEν̄τÞ (right panel) vs Eν̄τ for ν̄τ þ p → τþ þ Λ process. The calculations have
been performed using the SU(3) symmetry with electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and for
the axial form factor, the different values of MA have been used viz. MA ¼ 0.9 GeV (solid line), 1.026 GeV (dashed line), 1.1 GeV
(dashed-dotted line), 1.2 GeV (dotted line), and 1.3 GeV (double-dotted-dashed line).

FIG. 11. σ (left panel), PLðEν̄τÞ (middle panel), and PPðEν̄τÞ (right panel) vs Eν̄τ for ν̄τ þ p → τþ þ Λ process. The calculations have
been performed using the SU(3) symmetry with electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and for
the axial form factor, MA ¼ 1.026 GeV is used, with the different parametrizations of the pseudoscalar form factor viz. using the
parametrizations given by Nambu [77] (solid line) and Marshak et al. [64] (dashed line).

FIG. 12. σ (left panel), PLðEν̄τ Þ (middle panel), and PPðEν̄τÞ (right panel) vs Eν̄τ for ν̄τ þ p → τþ þ Λ process. The calculations have
been performed using the SU(3) symmetry (solid line), the SU(3) symmetry breaking effects parametrized by Faessler et al. [62] (dashed
line) and by Schlumpf [61] (dashed-dotted line), with electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and
for the axial form factor, MA ¼ 1.026 GeV is used.
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1.3 GeV. The results are qualitatively similar to the results
obtained in Fig. 10 for the ν̄τ induced Λ production. σ
increases with increase in the value of MA and shows
considerable variation at higher antineutrino energies. The
average polarizations are quite sensitive to the variation in
MA, especially at low Eν̄τ.
In Fig. 14 we show the results for σ, PLðEν̄τÞ and

PPðEν̄τÞ with SU(3) symmetry as well as when the SU(3)
symmetry breaking effects are taken into account. We find
the effect of SU(3) symmetry breaking to be quite small on
σ as well as on the polarization observables.

C. Implications of lepton flavor universality in neutrino
scattering

The lepton flavor universality in the e − μ sector was
proposed long time back in 1947 by Pontecorvo [91] and
has been established phenomenologically by studying the
weak processes of μ decay, μ− capture and e− capture from
nucleons and nuclei [89]. After the discovery of τ lepton
and the analyses of its leptonic and semileptonic decays, the
principle of lepton flavor universality was extended to the

e − μ − τ sector. As mentioned in the introduction in Sec. I,
recently there has been considerable work in studying the
implications of lepton flavor universality in weak inter-
actions in the e − μ − τ sector, which have focused mainly
on the decay processes [30–42]. While there has been very
little work on the study of lepton flavor universality in the
scattering processes induced by νe, νμ, and ντ. The differ-
ence in the νe and νμ cross sections using different nuclear
models has been studied by various groups like Refs. [55–
59]. The implications of lepton flavor universality in the
e − μ sector by studying the quasielastic scattering induced
by νeðν̄eÞ and νμðν̄μÞ have been studied by Day and
McFarland [60] for the free nucleons and Akbar et al.
[55] on nuclear targets. They have reported the results
comparing the cross sections of quasielastic scattering of
νeðν̄eÞ and νμðν̄μÞ with free nucleons [60] and with nuclear
targets [55] induced by the ΔS ¼ 0 weak charged current
reactions. In Ref. [60], Day and McFarland have assumed
the LFU and studied the differences in the electron and
muon production cross section arising due to the lepton
mass effect and other effects that depend upon the lepton

FIG. 13. σ (left panel), PLðEν̄τÞ (middle panel), and PPðEν̄τ Þ (right panel) vs Eν̄τ for ν̄τ þ n → τþ þ Σ− process. The calculations have
been performed using the SU(3) symmetry with the electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and
for the axial form factor, the different values of MA have been used viz. MA ¼ 0.9 GeV (solid line), 1.026 GeV (dashed line), 1.1 GeV
(dashed-dotted line), 1.2 GeV (dotted line), and 1.3 GeV (double-dotted-dashed line).

FIG. 14. σ (left panel), PLðEν̄τÞ (middle panel), and PPðEν̄τ Þ (right panel) vs Eν̄τ for ν̄τ þ n → τþ þ Σ− process. The calculations have
been performed using the SU(3) symmetry (solid line), the SU(3) symmetry breaking effects parametrized by Faessler et al. [62] (dashed
line) and by Schlumpf [61] (dashed-dotted line), with electric and magnetic Sachs form factors parametrized by Bradford et al. [67] and
for the axial form factor, MA ¼ 1.026 GeV is used.
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mass like the radiative corrections, the pseudoscalar form
factor as well as the form factors associated with the second
class currents. In Ref. [55], Akbar et al. have studied these
differences in the neutrino-nucleus cross sections including
the nuclear medium effects, which are important in the
intermediate energy region where most of the present
neutrino experiments are being done.
In this section we study the implications of LFU in the

ΔS ¼ 1 sector of antineutrino scattering, and compare
the total cross sections for e, μ and τ productions in the
quasielastic scattering of ν̄e, ν̄μ, and ν̄τ from the nucleons
induced by the weak charged currents. Specifically, we
study the ratios of the total cross sections R1 and R2,
defined as

R1 ¼
σðν̄μ þ p → μþ þ ΛÞ
σðν̄e þ p → eþ þ ΛÞ ; ð52Þ

R2 ¼
2σðν̄τ þ p → τþ þ ΛÞ

σðν̄μ þ p → μþ þ ΛÞ þ σðν̄e þ p → eþ þ ΛÞ ; ð53Þ

as a function of antineutrino energy Eν̄ and investigate the
effect of axial dipole mass MA and the pseudoscalar form
factor gNY

3 ðQ2Þ assuming the SU(3) symmetry. The numeri-
cal results are calculated by taking MA ¼ 1.026 GeV and
the parametrization of gNY

3 ðQ2Þ by Nambu, unless stated
otherwise, and presented in Fig. 15. We have also studied
the effect of changing the vector form factors as well as the
effect of SU(3) symmetry breaking. These effects are found
to be quantitatively very small on R1ðEν̄Þ and R2ðEν̄Þ, and
are not presented here.
We see from Fig. 15 that
(i) the ratios R1ðEν̄Þ (Eq. (52)) and R2ðEν̄Þ (Eq. (53))

have very little dependence on the choice of MA,
which is almost negligible in the case of R1ðEν̄Þ. It
may be noticed that in the kinematic region of τ

production i.e., Eν̄ ≃ 4 GeV, the ratio R1ðEν̄Þ is
almost unity. While in the case of R2ðEν̄Þ, the ratio is
highly suppressed due to the threshold effects and
becomes more than 0.5, only for Eν̄ > 10 GeV.
Thus, any deviation of R1ðEν̄Þ and R2ðEν̄Þ from
the values shown in Fig. 15, would be a possible
signal for the violation of LFU.

(ii) the ratio R2ðEν̄Þ has some dependence on the choice
of the pseudoscalar form factor gNY

3 ðQ2Þ. If we take
gNY
3 ðQ2Þ ¼ 0 or the parametrization of gNY

3 ðQ2Þ
given by Marshak et al. [64], the value of R2ðEν̄Þ
increases as compared to the value obtained by using
the parametrization of gNY

3 ðQ2Þ given by Nambu
[77]. For example, at Eν̄ ¼ 10 GeV, when we
compare the results obtained with gNY

3 ðQ2Þ using
the parametrization of Marshak et al. [64], the value
of R2ðEν̄Þ increases by 5%, which becomes 18% at
Eν̄ ¼ 5 GeV, from the results obtained using
gNY
3 ðQ2Þ parametrized by Marshak et al. [64].
Therefore, an experimental determination of
R2ðEν̄Þ with a precision of 20% or higher would
be able to show any evidence of the violation of LFU
in the e − μ − τ sector.

V. SUMMARY AND CONCLUSIONS

In this work we have presented the results for
the jΔSj ¼ 1 hyperon production in the quasielastic
ν̄τ-nucleon scattering and obtained the differential ( dσ

dQ2)

and total (σ) scattering cross sections as well as the
longitudinal (PL) and perpendicular (PP) components
of the polarized τþ lepton produced in these reactions.
We studied theoretical uncertainties arising due to the use
of different vector, axial-vector, and pseudoscalar form
factors as well as the effect of SU(3) symmetry breaking
on these observables.

FIG. 15. R1 as a function of Eν̄ (left panel) with MA ¼ 1.026 GeV (solid line), MA ¼ 1.1 GeV (dashed line) and MA ¼ 1.2 GeV
(dashed-dotted line). R2 as a function of Eν̄ (middle panel) with MA ¼ 1.026 GeV (solid line), MA ¼ 1.1 GeV (dashed line), and
MA ¼ 1.2 GeV (dashed-dotted line). R2 as a function of Eν̄ (right panel) with gNY

3 ðQ2Þ ¼ 0 (solid line), the parametrization of gNY
3 ðQ2Þ

by Marshak et al. [64] (dashed line) and by Nambu [77] (dashed-dotted line).
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Our observations are the following:
(i) In the case of Λ production, the total cross section as

well as the average polarizations increases with
increase in MA at low antineutrino energies, say
at Eν̄τ ¼ 5 GeV. However, with the increase in Eν̄τ ,
σ further increases with MA while PL;PðEν̄τÞ satu-
rates with increase in MA. Moreover, in the case of
Σ− production, the results for σ as well as PL;PðEν̄τÞ
are qualitatively similar to the results obtained for Λ
production.

(ii) There is not much effect of SU(3) symmetry breaking
on σ for both Λ and Σ− productions. However, we
observe some dependence of the symmetry breaking
effect on PL;PðEν̄τÞ, for Λ production.

(iii) In the case of Λ production, at low ν̄τ energies,
specifically near the threshold energy, the effect of
the different parametrizations of vector form factors
on dσ

dQ2, PLðQ2Þ and PPðQ2Þ distributions is large,
which decreases with the increase in Eν̄τ . However,
in the case of Σ− production, dσ

dQ2 shows appreciable
dependence on the different parametrizations of the
vector form factors for all values of Eν̄τ , while
PLðQ2Þ and PPðQ2Þ distributions are quite sensitive
to the choice of the vector form factors.

(iv) The effect of variation in the axial dipole mass MA

on dσ
dQ2, PLðQ2Þ and PPðQ2Þ, when Λ is produced in

the final state, is significant at low Eν̄τ, which
decreases with the increase in Eν̄τ for Q2 and
PLðQ2Þ distributions but for PPðQ2Þ distribution
still remains significantly different even at high ν̄τ
energies. While there is a large dependence ofMA on

dσ
dQ2, PLðQ2Þ and PPðQ2Þ at all values of Q2 and Eν̄τ ,
when Σ− is produced in the final state.

(v) In the case of Λ production, the effect of SU(3)
symmetry breaking on dσ

dQ2 is very small at all values

of Eν̄τ and Q2 while there is a sizeable effect of
SU(3) symmetry breaking on PLðQ2Þ and PPðQ2Þ.
However, in the case of Σ− production, the effect of
SU(3) symmetry breaking on dσ

dQ2 is small at low Eν̄τ,
and increases with the increase in energy. Moreover,
different results for the polarization observables are
obtained, though the variation is small, when the
SU(3) symmetry breaking using the prescriptions by
Schlumpf [61] and Faessler et al. [62] are taken into
account.

(vi) We have also tested the lepton flavor universality in
the antineutrino inducedΛ production by calculating
the ratios [given in Eqs. (52) and (53)] of the total
cross sections in the e − μ and e − μ − τ sectors. We
find that there is no dependence of MA or the SU(3)
symmetry breaking on R1. However, R2 shows some
dependence on the choice of MA as well as to the
different parametrizations of the pseudoscalar form
factor. Thus, the experimental observation of R2ðEν̄Þ
with a precision of 20% or higher would be able to
show any evidence of the violation of LFU in the
e − μ − τ sector.
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