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Hyperon production in quasielastic 7, —nucleon scattering
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The theoretical results for the total cross sections and polarization components of the 7+ lepton produced
in the charged current induced |AS| = 1 quasielastic o, — N scattering leading to hyperons (A, X) 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, p, 7 leptons to facilitate the implications of lepton flavor universality in the |AS| =1
quasielastic reactions induced by the antineutrinos of all flavors i.e., v;; [ = e, p, 7.
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I. INTRODUCTION

The 7 neutrinos (v,) were experimentally observed for
the first time by the DONUT Collaboration [1,2] by
observing the 7~ leptons produced through the charged
current scattering of v, on the nucleons in the reaction,
v, +N -1 +X, where N =n or p, and X represents
hadron(s) in the final state. Since then, a few 7~ 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 v,s are assumed to be produced through the v, — v,
oscillation. Since these experiments have observed very
few events of the 7 lepton production, new experiments for
producing larger number of 7 leptons have been proposed
by the SHiP [9-11], DsTau [12], DUNE [13-15], and
FASERv [16] Collaborations in which the number of 7
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 7z lepton, which would enable a reliable study of the
various aspects and properties of v, and 7 leptons.

The 7 lepton production in v, — N scattering has a
threshold of 3.5 GeV in the charged current induced
quasielastic (CCQE) reactions i.e., v,(7;) + N = 7~ (") +
N'(N,N’ = nor p). As the energy increases, the production
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of the 7 leptons is accompanied with the inelastic and deep
inelastic production of hadrons. In the energy region of
v.(D,) experiments, where the energy of the produced
lepton is not too large compared to its rest mass
m, = 1.776 GeV, the 7 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 v, — N interactions [25-28]. The polari-
zation state of the 7 lepton affects the total and differential
cross sections and is, therefore, an important observable in
the study of v, — N interactions. Thus, it is highly desirable
that a comprehensive study of the z polarization along with
the cross sections be made in the quasielastic, inelastic, and
deep inelastic reactions induced by v, and o, on nucleons in
order to understand the v, — 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 y, 7 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 u and 7 leptons and W boson [29]. In the case of
semileptonic decays of mesons and baryons like K, D, D},
A, and A, etc., involving quark transitions between medium
heavy and light quarks i.e., s = ulp;, s = dll, ¢ — sl
¢ — dly,, 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 » — s/l and b — cli, 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 g7 — Il (I = e and p) in pp collisions at
CERN [47]. In the case of b — sil decays, LHCb [39]
Collaboration has reported the ratio of the branching
fractions in [ = y mode to / = ¢ mode to be 2.66 lower
than the SM prediction. While in the case of b — cly;
decays, all three collaborations [37] have reported the ratio
of the branching fraction in / =7 mode to / = ¢ mode,
which challenge LFU at 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 ¢ and s quarks decays like ¢ — sip,
c—dly, s— ulp, s—dll 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 LFUV in
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 v, (7, )-
nucleon/nucleus and v, (7, )-nucleon/nucleus scattering and
analyzing the differences in the cross sections of these
processes arising due to the different nuclear models has
been made in Refs. [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 LFUV effects. Such studies of LFUV
effects in the (anti)neutrino scattering with v,(7));
(I = e, u,7) 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
U+ N - 1"+ AX); (I = e, u, 1) corresponding to u — s
transition. It should be noted that the production of these
hyperons (A, £%7) induced by the neutrinos is not allowed
due to the |AS| = |AQ] rule.

In this work, we report on the results of the theoretical
calculations within the ambit of the SM with implicit lepton

flavor universality for the total cross section, differential
cross section and the 7 lepton polarization in the reaction
U,+p— 1"+ A(X), 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 A and X [61,62] and have discussed
the uncertainties associated with SU(3) violations. Any
deviation of the experimental results on the cross sections
and 7 polarization to be obtained in future will be a signal of
LFUV. The results presented here would facilitate the study
of LFUV effects in ; (I = e, u, 7) 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 7 lepton produced
in the quasielastic |AS| = 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 7 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 —u and e — pu — 7 sectors in the total cross sections and

the numerical results are presented for the ratios R; =
oDy +p=pt+A) _ 26(U,+p—1T+A)
o(Uetp—et +A) and R, = o(0,+p—ut+A)+o(D,+p—et+A)
Sec. IV C. Section V summarizes the results and conclude
our findings.

in

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

U,(k)+N(p)—>7t(K)+Y(p'), N=p.n; Y=AX"3",
(1)

is written as

G
M = 7gsin 0.1, (2)
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W=(g=Fk—FK)

vr(k)

FIG. 1. Feynman diagram for the process 7.(k)+ N(p) —
H(k') + Y(p'), where N = p,n; Y = A, 2%, X and the quantities
in the bracket represent the four-momenta of the corresponding
particles.

where the quantities in the brackets of Eq. (1) represent the
four-momenta of the respective particles, G is the Fermi
|

¥V IN(p)) = a(p) [nf?’y(Qz) Yio,

(Y (P)AIN(P)) = alp) [msgf”(Qz) tis,,

where M and M are the masses of the initial nucleon and
the final hyperon. g(=k— k' = p’ — p) is the four-mo-
mentum transfer with Q% =—¢% 0*>0. fN(0Q?),

NY(Q?), and fYY(Q?) are the N —Y transition vector,
weak magnetic and induced scalar form factors and
AV (0%), ¢YY(0?), and ¢i¥(Q?) 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(Q?);
i = 1-3] and axial-vector [¢]Y(Q?); i = 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 £}V (Q?) and fY¥(0Q?)
are related to the isovector electromagnetic form
factors of the nucleon. The hypothesis ensures con-
servation of vector current (CVC) in the weak sector.

(¢) The hypothesis of CVC of the weak vector currents
implies that f3(Q?) = 0.

(d) The principle of G-invariance implies the second class
current form factors to be zero, ie., fYY(Q?) =0

and g)¥(Q?) =0.

coupling constant and 8, (= 13.1°) is the Cabibbo mixing
angle. The leptonic current [/ is given by

W= (k) (1 +ys)u(k). (3)
The hadronic current J, is expressed as
J, = a(pT,ulp) (4)
with
r,=v,—A,. (5)

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

q Y2 24, Y (2
mysggv (0 )‘nggv (0 )75}”(19)» (7)

I

(e) The hypothesis of partially conserved axial-
vector current (PCAC) relates the pseudoscalar form
factor [¢)Y(Q?)] to the axial-vector form factor
[V (Q?)], 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. IT 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 the AS = 1 currents whose matrix elements are
defined between the initial [|N)] and final [|Y)] states in
Eq. (1) are assumed to belong to the octet representation of
the SU(3). Since |N) and |Y) also belong to the octet
representation under SU(3), each of these form factors are
described in terms of the functions D(Q?) and F(Q?)
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])

073004-3
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TABLE 1. Values of the coefficients ¢ and b given in
Eqgs. (8)—(9).
Transitions a b
1
poh -3 v
0 1 1
p=x 7 Vi
n—x -1 1
fi(Q%) = aFY(Q%) + bD{(Q%). (8)
9:/(0%) = aF}(Q*) + bD}(Q?). i=1.2.3 (9)

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 — X% and n — X, which implies that

do 1| do
|:d—Q2:| p—x0 N E |:d—Q2:| n—>2_’ (10)

and

[PL,P]p_,zo = [PL.P],Hz—- (11)

(1) Vector form factors: In the case of vector form
factors, the functions DY(Q?) and FY(Q?) are
determined in terms of the nucleon electromagnetic
form factors £7'7(Q?); (i = 1, 2), following the same
method as discussed above [Eq. (8)] in the case of
electromagnetic interactions, i.e.,

D@ = -3 f1(0Y). i=12 (12)

1 .
FIQY) = f1(Q%) 4510, i=12.  (13)
Using the expressions of DY(Q?) and FY(Q?)
obtained above and the values of the coefficients
a and b from Table I, the vector form factors
V¥(Q?) are expressed in terms of the nucleon

electromagnetic form factors as

e w
iE(02) = —[f1,(00) £ 27150 (1)
fﬂ°<Q2>=—i[" (0%) +2/1,(0Y)]. (16)

V2

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

[GE(Q?)] and magnetic [Gy;(Q?)] 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 er al. (BBBAOS) [67] unless stated
otherwise.

(ii) Axial-vector form factors: We express ¢\'¥ (Q?) in

(iif)
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terms of ¢;(Q?) and x;(Q?), which are defined as
91<Q2> = (17)
x1(Q%) = (18)

FH(Q%) + D(0%),
F{(0?%)
FHQ*) + D} (0%’

where F{(Q?) and D{(Q?) are the antisymmetric
and symmetric couplings of the two octets, deter-
mined from the semileptonic decays of hyperons at
very low Q% ~ 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 F} and
D¢, that is the dipole form is assumed, with F4(0) =
F = 0.463 and D}(0) = D = 0.804 [75], such that
the parameter x,(Q?) becomes a constant, i.e.,
x1(0%) ~ x,(0) = 0.364.

The explicit expressions of g (Q?) for p — A,
p — X% and n — I~ are given as

SN0 = -1+ 20)(0Y). (19
(%) = (1-24)g,(0%). 20)
”ZO(QZ) S5-20a(@), @)
where
gl<Q2>=(fj—<§_§f, 22)

with g4 (0) = 1.267 [75]and M, = 1.026 GeV [76].
Pseudoscalar form factor: The contribution of

@AY (0?) in v,(D,) — N scattering is significant due
to the high value of m,. In the literature, there exists
two parametrizations, given by Marshak et al. [64]
and by Nambu [77], for the pseudoscalar form factor
in the AS = 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

(M + My)?

HO = aer0n

o o d (07, (23)

where my is the kaon mass.
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In the parametrization of Marshak er al. [64],
the expression for the pseudoscalar form factor is
given as

27 (07) =

20? m% + Q?
(24)

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
|

1

M+My)? g (0%)(m3 + Q%) ~mig)" (0)

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
fYY(Q?) because of the Ademollo-Gatto theo-
rem [87].

(i) In the presence of SU(3) symmetry breaking,
the value of )Y (Q?) is modified from its SU(3)
symmetric value fY7(0?) to FYY(Q?), as

PNQ?) = FEMNO?) = AMN0?) - NG [HY(0%) - 2HY(Q%) — 3HY(Q?) — 6HY (Q?)]. (25)
1E(Q2) - FEE(02) = 45 (0?) —%[HY(QZ) +HY (0], (26)
1 (02) — FI¥(02) = 17 (0?) - %[HY(QZ) - HY(0%) (27)

where Y (Q?) for the different N — Y transitions are given
in Eqs. (14)—(16) and HY(Q?); i = 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., Q% ~ 0, therefore,
no information about the Q? dependence of HY(Q?) is
available in the literature. For simplicity, a dipole para-
metrization is assumed

HY(Q%) = —75

where My = 0.84 GeV is the vector dipole mass, and the
values of the couplings HY (0) are given in Ref. [62], and
are here quoted as

HY(0) = —0.246,
HY(0) = 0.021,

HY(0) = 0.096,
HY(0) = 0.030.

Similarly, the axial-vector form factor ¢YY(Q?), in the
presence of SU(3) symmetry breaking, is modified to

G (Q?) as

ng(QZ)—>9§’A(Q2)=g’fA(Q2>—%[H?(Qz)—ZHE‘(QZ)

~3HA(Q?)-6H4(0?)), (29)
g (0%) = G (0%) = ¢ (0?)
~JH(Q) + B0, (30)

9= (0% -G (0%) = g™ (0%)

Loai 2 Al )2
+W§[H1(Q>+H3(Q ). (31)

with ¢YY(Q?) defined in Egs. (19)—(21) and a dipole
parametrization is assumed for H4(Q?) as

H(0)
(1+5)"

A

HA(Q%) = i=1-4 (%)

where the couplings H%(0) are [62]

HA(0) = —0.050,
HA(0) = —0.006.

HA(0) = 0.011,
H4(0) = 0.037.

(iii) Since the pseudoscalar form factor is para-
metrized in terms of the axial-vector form

073004-5
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factor [Egs. (23) and (24)], therefore, it re-
ceives SU(3) symmetry breaking effect
via g\'Y(0?).

(B) Schlumpf [61]: Schlumpf [61] has studied SU(3)
symmetry breaking in the hadronic current contain-
ing vector (f;) and axial-vector (g;) form factors
using the relativistic quark model, and this symmetry
breaking in the model originates from the mass
difference between m, and m,,/, quarks. The modi-
fied f; and g; form factors are given by

fl(Qz) - f/1(Q2) = afl(Q2)7
91(0%) = ¢1(Q%) = g1 (Q?), (33)

where a = 0.976, 0.975, and 0.975; = 1.072,
1.051, and 1.056, respectively for p — A, p — X0
and n — X~ transitions. Since the induced pseudo-
scalar form factor g5 is related to the axial-vector
form factor g, 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

11
 (27)?4ME;,

S k+p—k—
(34)

Using Eqgs. (2)-(4), the transition matrix element squared
is obtained as

S IMP =

where the hadronic (7 ,,) and the leptonic (£,,) tensors are
obtained using Egs. (3) and (4) as

Tw=3.5 JJb o= 315 (36)

Following the above definitions, the differential scatter-
ing cross section do/dQ? for the processes given in Eq. (1)
is written as

GFSIH 9 jﬂl/ﬁﬂy, (35)

do  G%sin? 6,
dQ*>  8aM’EZ

N(Q?), (37)

where N(Q?) = J*L,, is obtained from the expression
given in Appendix A of Ref. [26] with the substitution of
M' = My and m, = m,.

d*k’ &
e, M

B. Polarization of the final lepton

Using the covariant density matrix formalism, the
polarization four-vector ({%) of the 7 lepton produced in
the final state in the reactions given in Eq. (1) is written as
[88,89]

Trlyysps(K')]
Trlp,(K)]

and the spin density matrix for the final lepton p(k’) is
given by

= (38)

py(K) = TPTr[AK)ra(1 +75)AK)75(1 + 75)A(K)].

(39)

with 7, = y’7iy° and 75 = y'rLy".
Using the following relations

It 1.l0

AYrsAE) =2 (7= A Wrrs, (40

and
AKYA(K) = 2m A(K), (41)
{* defined in Eq. (38) may also be rewritten as

k/rk/o'
CT — <g'm _ 5 >
mz

jaﬂTr[VUYSA(kI)}/a(l + YS)A(k)}?ﬁ(l + 75)}
TPTe[AK)7a(L + 75)A(K)75(1 + 75)]

(42)

where m, is the mass of the z lepton. In Eq. (42), the
denominator is directly related to the differential cross
section given in Eq. (37).

With 7% and L, given in Eq. (36), an expression for ¢*
is obtained. In the laboratory frame where the initial
nucleon is at rest, the polarization vector E assuming T
invariance, is calculated to be a function of the three-

momenta of incoming antineutrino (13) and outgoing lepton
(k'), and is given as

¢ = [A/(Q))k + B'(QY)K], (43)

where the expressions of A’(Q?) and B'(Q?) are obtained
from the expression given in Appendix B of Ref. [26] with
the substitution M’ = My and m, = m,.

One may expand the polanzatlon vector 4’ along the

orthogonal directions, &, &%, and &% in the reaction plane
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Y
>
Q

(b)

FIG. 2. (a) Momentum and polarization directions of the final
lepton produced in the reaction 7, (k) + N(p) = 7 (k') + Y (p').
(b) &, &, and &) represent the orthogonal unit vectors
corresponding to the longitudinal, perpendicular and transverse

directions with respect to the momentum of the final lepton.

corresponding to the longitudinal, perpendicular, and trans-
verse directions of the final lepton (I), as depicted in Fig. 2
and defined as

= - =

kxk

Al Al Al Al Al
e = ——, e, —=¢; Xen, wheree,=—5—. 44
L |k’| P LXer T |k><k/| (44)
We then write Z as
=1¢pel +¢peh + Crel, (45)

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

(@) =Ce. L@ =C 8. (46)
From Eq. (46), the longitudinal P, (Q?) and perpendicular

Pp(Q?%) components of the polarization vector defined in
the rest frame of the outgoing lepton are given by

PLOY) = F1Cu(0Y).  Pp(Q) =Cp(QD). (47)

kl
where 2”7 is the Lorentz boost factor along K. Using
Eqgs. (43), (44), and (46) in Eq. (47), the longitudinal
P, (Q?) and perpendicular P,(Q?) components are calcu-
lated to be

~ m, A(QY)kK + B(QY)K]
B N(QY)IK]

PL(Q?) )

ANQ)[KP I — (kK'Y
N(@)RIkx ]

Pp(Q%) = (49)

where N(Q?) = J*L,, 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 7z lepton produced in the |AS|=1 quasielastic
scattering of 7, from nucleons. We also present a com-
parison of the total cross section for the production of e, u,
and 7 leptons in the quasielastic scattering of 7,, ,,, and o,
to demonstrate the implications of LFU in these processes
(Sec. IVC).

A. Differential scattering cross section and polarization
observables

We have used Egs. (37), (48), and (49), respectively, to
numerically evaluate the differential scattering cross sec-
tion do/dQ? the longitudinal [P;(Q?)] and the
perpendicular [Pp(Q?)] components of polarization of 7
lepton. The Dirac and Pauli form factors fV,(Q%);
(N = 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 g;(Q?) a dipole parametrization has been used
[Eq. (22)], with the world average value of the axial-dipole
mass M, = 1.026 GeV. For the pseudoscalar form factor
g3(Q?), the parametrizations given by Nambu [77] and
Marshak er 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 A and £~ productions
from the nucleons. The results for the Z° production can be
expressed in terms of the X~ production in the SU(3)
symmetric limit [Egs. (10) and (11)] and are not presented
separately.

1. A production

In Fig. 3, we present the results for the Q? distribution
ie., dd—é’z, P.(Q%) and Pp(Q?) vs Q> for i, + p — 7+ + A
process at the three different values of energy viz.
E; =4GeV, 5 GeV, and 10 GeV, assuming SU(3)
symmetry with M, = 1.026 GeV and using the different
parametrizations of the nucleon vector form factors viz.
BBBAOS5 [67], Alberico [70], Bosted [68], Galster [72], and
Kelly [71]. We see that at low z, energies, for example at
E; =4 GeV, there is considerable dependence of the
different parametrizations of the vector form factors on

dd—Q"z, P (Q?), and Pp(Q?) distributions. However, with the

increase in U, energy, this difference decreases and becomes
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FIG. 3. j& (left panel), P;(Q?) (middle panel) and Pp(Q?) (right panel) versus Q2 for the process 7, + p — 7" + A at E; =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 M, = 1.026 GeV and for the different parametrizations of the nucleon vector form factors viz. BBBAO5 [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).

almost negligible at higher energies, like at E; = 10 GeV,

gz and P (Q?) distributions.

To study the effect of the variation in M, (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 dQ2, P, (Q?) and Pp(Q?) distributions at E;, =4 GeV,

5 GeV, and 10 GeV. We find that at low U, energles, there is
a significant dependence of these distributions on the
choice of M,. With the increase in 7, energy, this
dependence on the variation in M, decreases, especially
for -2 4o and to some extent for P, (Q?) but not for Pp(Q?)
distribution. Moreover, it is important to point out that in
the case of o, + p — t+ + A reaction, with the increase in
My, dd—Q”z decreases (0.9 GeV to 1.1 GeV), but with the

especially for

further increase in M4 (1.1 GeV to 1.3 GeV), j—é’z increases,

which is not generally the case in v,+n— 1"+ p;
(I =e,p,7) scattering. Moreover, in the case of
U;+ p — [T + n, we have observed that with the increase
in My, i QZ decreases (from 0.9 GeV to 1.1 GeV) and with

further increase in M, = 1.2 GeV, 4 7 QZ increases [17]. In

the present work, for A production we observe a similar
trend as in the case of the 7, induced CCQE reaction [17].
In the 7, induced reactions because of the production of
massive 7 lepton in the final state, the pseudoscalar
form factor becomes significant. The variation in dd—Q"z
observed in Fig. 4 arises due to interference of the
pseudoscalar form factor with axial-vector and vector form
factors.
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(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 ef al. [67] and for the axial-vector form factor, the different values
of M, have been used viz. M, = 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).

To see the dependence of -4, i PL (Q?) and Pp(Q?) on the

pseudoscalar form factor ¢}’ (Q?), we have used the two
parametrizations of gy” (Q?) given in Egs. (23) by Nambu
[77], and (24) by Marshak er al. [64], and show the
numerical results in Fig. 5. It may be observed that at
low U, energies, there is a large dependence on the choice of
gy¥ (Q?). While with the increase in E; , this dependence
on the choice of g}’”¥ (0?) becomes almost negligible for the
(Q?) and Pp(Q?) distri-
butions, they are found to be quite significant even for the
higher values of E; , say E; = 10 GeV.

In Fig. 6 we present the results for 4%, P; (Q?) and
Pp(Q?) vs Q* at E; =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 z, energies, for
example at E; =4 GeV, there is some effect of SU(3)

symmetry breakmg on the 7% 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 o, energy, the difference i

the use of the parametrization of SU(3) symmetry breaking
becomes almost negligible. In the case of P (Q?) and
Pp(Q?), 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
E; =4 GeV, which becomes even smaller as Ej is
increased.
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FIG. 5. dd—Q"z (left panel), P, (Q?) (middle panel) and Pp(Q?) (right panel) versus Q for the process 7, + p = t" + A at E; =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 er al. [67], M, = 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).

2. X~ production

In Fig. 7 we present the results for dd—Q"z, P (Q?%) and
Pp(Q?) vs Q? for the process U, +n — v+ + X~ at the two
different value of energies viz. E; =5 GeV and 10 GeV,
using the different parametrizations of the nucleon vector
form factors viz. BBBAOS [67], Alberico [70], Bosted [68],
Galster [72], and Kelly [71]. We observe that at low 7,
energies, for example at E; = 5 GeV, there is considerable
dependence of the different parametrizations of the vector

form factors on dd—é’z, P.(Q?), and Pp(Q?) distributions.
However, unlike the case of A production (Fig. 4), with the
increase in 7, energy, this difference further increases and
becomes quite significant at higher energies, especially for
the distributions of the polarization observables P, (Q?)
and Pp(Q?).

The effect of M, variation on the differential cross
section and polarization observables are presented in Fig. 8,
at E; =5 GeV and 10 GeV by varying M, in the range
0.9 GeV-1.3 GeV. We find that at low ¥, energies, there is
large dependence of these distributions on the choice of
My, which increases with an increase in antineutrino
energy. It should be noted that in the case of A production
(Fig. 4), the variation of M, on the differential scattering
cross section is quite different as compared to the M,
variation in X~ production. This difference arises due to the
different parameteric form of the axial-vector form factor
@Y (Q?) for p — A [Eq. (19)] and n — =~ [Eq. (19)]
transitions.

A comparative study of the results presented in Figs. 3-5
for A production and in Figs. 7 and 8 for X~ production
shows that the Q? dependence as well as the energy
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FIG. 6. dd—Q"2 (left panel), P, (Q?) (middle panel) and Pp(Q?) (right panel) versus Q? for the process 7, + p = t" + Aat E;, =4 GeV
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do
do?
in the two cases. These differences arise mainly due to the
different vector [see Egs. (14)—(16)] and axial-vector form
factors [see Eqgs. (19)—(21)] appearing in these cases.
Moreover, in the case of X~ production, the electromagnetic
form factor of the neutron also contributes, unlike the A
production. The above structure of the matrix elements and
their dependence on the form factors leads to different Q>
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 dd—Q"z, P (0%

and Pp(Q?%) vs Q% at E; =5 GeV and 10 GeV. From the

figure it may be observed that in the case of dd—Q"z, the effect of

SU(3) symmetry breaking is quite small. However, P (Q?)

dependence of the differential cross section <% are different

shows small effect of SU(3) symmetry breaking, which is
about 8% using the parametrization of Faessler ef al. [62]
and ~10% using the parametrization of Schlumpf [61] at
E; =5 GeV, and becomes even smaller with an increase in
E;, whereas Pp(Q?) 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 o(E; ) and the average polarizations
Py p(E;) on E;, we have integrated do/dQ* and
P, p(Q?) over Q% and obtained the expressions for
o(E; ) and P, p(E; ) ie.,
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(solid line), as well as with SU(3) symmetry breaking effects parametrized by Faessler er al. [62] (dashed line), and by Schlumpf [61]

(dashed-dotted line).

(50)

Jgi PLp(Q%) 55 dQ*
PLP(E ) max _do 2 ’
mem sz dQ

(51)

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 7, + N — z* + Y processes,
separately for A and X~ productions, in Secs. IVB 1 and
IV B 2, respectively. This work focuses on U, 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
E;_ > 10 GeV, the quasielastic contribution becomes small
[90] and becomes almost negligible as compared to DIS
around E;_~ 100 GeV, relevant for the future experiments
like FASERv [16] and SHiP [9-11].

1. A production

In Fig. 10 the results are presented for ¢ as well as for
P, (E;,) and Pp(E; ) obtained using the different values of
M, viz. M, = 0.9, 1.026, 1.1, 1.2, and 1.3 GeV for the

process U, + p = v+ + A. As expected, ¢ increases with
the increase in antineutrino energy as well as it increases in
magnitude with higher values of M,. For example, at
E; =10 GeV, o increases by about 25%, when the value
of M, is increased from its world average value
(M4 = 1.026 GeV) by 30% and a decrease in the value
of M, by 10% from the world average value, decreases the
cross section by ~7%. At low antineutrino energies
E; =4 GeV, P/ (E;) increases with the increase in
My, which is almost 40% when M, is varied from
0.9 GeV to 1.3 GeV. However, with the increase in Ej,
this variation in P, (E; ) decreases and becomes almost
negligible at E;, = 10 GeV. We observe some dependence
of M, on P p(E _) in the entire range of E; . Note that in the
case of A productlon o, P, (E; ), and PP( _) 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 ¢ and P, p(E; )
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 o, as well as the average polarizations, show some
dependence on the pseudoscalar form factor.

In Fig. 12 we present the results for o, P, (E; ) and
Pp(E;, ) with SU(3) symmetry as well as when the SU(3)
symmetry breaking effects are taken into account following
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for the axial form factor, M4, = 1.026 GeV is used.

the prescriptions of Faessler et al. [62] and Schlumpf [61].
We find that there is not much effect of SU(3) symmetry
breaking on o, while there is some effect on P, (E;)
whereas in the case of Pp(E; ), the effect is found to be
significant.

2. X~ production

The dependence of the total cross section and the average
polarizations on M 4 are shown in Fig. 13, where we present
the results for ¢ and P, p(E; ) for the process v, +n —
vt + X7 by varying M, in the range, M, = 0.9 GeV to
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(dashed-dotted line), 1.2 GeV (dotted line), and 1.3 GeV (double-dotted-dashed line).

1.3 GeV. The results are qualitatively similar to the results
obtained in Fig. 10 for the 7, induced A production. ¢
increases with increase in the value of M, and shows
considerable variation at higher antineutrino energies. The
average polarizations are quite sensitive to the variation in
M, especially at low Ej .

In Fig. 14 we show the results for o, P, (E; ) and
Pp(E; ) 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
o as well as on the polarization observables.

C. Implications of lepton flavor universality in neutrino
scattering

The lepton flavor universality in the e — u sector was
proposed long time back in 1947 by Pontecorvo [91] and
has been established phenomenologically by studying the
weak processes of u decay, u~ capture and e~ capture from
nucleons and nuclei [89]. After the discovery of 7 lepton
and the analyses of its leptonic and semileptonic decays, the
principle of lepton flavor universality was extended to the

e — i — 7 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 — y — 7 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 v,, v,, and v,. The differ-
ence in the v, and v, 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 — u sector by studying the quasielastic scattering induced
by v.(7.) and v,(D,) 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
v,(7,) and v,(D,) with free nucleons [60] and with nuclear
targets [55] induced by the AS = 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
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FIG. 14. ¢ (left panel), P, (E;_) (middle panel), and P P(Ez,) (right panel) vs E;_foro, +n — 7t + X~ process. The calculations have
been performed using the SU(3) symmetry (solid line), the SU(3) symmetry breaking effects parametrized by Faessler ez 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, M4, = 1.026 GeV is used.
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R, as a function of E; (left panel) with M, = 1.026 GeV (solid line), M, = 1.1 GeV (dashed line) and M, = 1.2 GeV

(dashed-dotted line). R, as a function of E; (middle panel) with M, = 1.026 GeV (solid line), M, = 1.1 GeV (dashed line), and
M, = 1.2 GeV (dashed-dotted line). R, as a function of E (right panel) with g’ (Q?) = 0 (solid line), the parametrization of gy (Q?)
by Marshak et al. [64] (dashed line) and by Nambu [77] (dashed-dotted line).

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
AS =1 sector of antineutrino scattering, and compare
the total cross sections for e, 4 and 7z productions in the
quasielastic scattering of 7,, U,, and U, from the nucleons
induced by the weak charged currents. Specifically, we
study the ratios of the total cross sections R; and R,
defined as

0@t p = pt+A)
oW, p—oet+A)’

R, (52)

R — 20(0,+p -1 +A)
(@t pout+A) oD, +p— et +A)

, (53)

as a function of antineutrino energy E; and investigate the
effect of axial dipole mass M, and the pseudoscalar form
factor gy” (Q?) assuming the SU(3) symmetry. The numeri-
cal results are calculated by taking M, = 1.026 GeV and
the parametrization of ¢}¥(Q?) 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 R, (E;) and R,(E}), and
are not presented here.
We see from Fig. 15 that
(i) the ratios R,(E;) (Eq. (52)) and R,(E;) (Eq. (53))
have very little dependence on the choice of My,
which is almost negligible in the case of R|(E;). It
may be noticed that in the kinematic region of 7

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

the ratio R, (E;) has some dependence on the choice
of the pseudoscalar form factor g}'" (Q?). If we take
@AY(0?) =0 or the parametrization of g¢y¥(Q?)
given by Marshak ez al. [64], the value of R,(E;)
increases as compared to the value obtained by using
the parametrization of gy (Q?) given by Nambu
[77]. For example, at E; = 10 GeV, when we
compare the results obtained with gi'¥(Q?) using
the parametrization of Marshak et al. [64], the value
of R,(Ejy) increases by 5%, which becomes 18% at
E; =5 GeV, from the results obtained using
gy¥(Q?) parametrized by Marshak er al. [64].
Therefore, an experimental determination of
R,(E;) with a precision of 20% or higher would
be able to show any evidence of the violation of LFU
in the e — p — 7 sector.

(i)

V. SUMMARY AND CONCLUSIONS

In this work we have presented the results for
the |AS| =1 hyperon production in the quasielastic
v.-nucleon scattering and obtained the differential (dd_gz)

and total (o) scattering cross sections as well as the
longitudinal (P;) and perpendicular (Pp) components
of the polarized ¢+ 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.
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Our observations are the following:

(1) In the case of A production, the total cross section as
well as the average polarizations increases with
increase in M, at low antineutrino energies, say
at E;_ =5 GeV. However, with the increase in £y,
o further increases with M, while P, p(E; ) satu-
rates with increase in M ,. Moreover, in the case of
X~ production, the results for ¢ as well as Py p(E; )
are qualitatively similar to the results obtained for A
production.

(i) There is not much effect of SU(3) symmetry breaking
on ¢ for both A and X~ productions. However, we
observe some dependence of the symmetry breaking
effect on P, p(Ej; ), for A production.

(iii) In the case of A production, at low 7, energies,
specifically near the threshold energy, the effect of
the different parametrizations of vector form factors
on Q2’ P (Q?%) and Pp(Q?) distributions is large,
which decreases with the increase in Ej_ . However,
in the case of £~ production, -2 v Q2 shows appremable

dependence on the different parametrizations of the
vector form factors for all values of Ej;, while
P, (Q?) and Pp(Q?) distributions are quite sensitive
to the choice of the vector form factors.
(iv) The effect of variation in the axial dipole mass M,
sz, P, (Q?) and Pp(Q?), when A is produced in
the final state, is significant at low E;, which
decreases with the increase in Ej for Q? and
P (Q?) distributions but for Pp(Q?) distribution
still remains significantly different even at high 7,
energies. While there is a large dependence of M4 on

dQZ’ P (Q?) and Pp(Q?) at all values of Q% and E; ,

when X7 is produced in the final state.
(v) In the case of A production, the effect of SU(3)
symmetry breaking on dd—é’z is very small at all values

of E; and Q* while there is a sizeable effect of
SU(3) symmetry breaking on P, (Q?) and Pp(Q?).
However, in the case of X~ production, the effect of
SU(3) symmetry breaking on j—Q"z is small at low Ej ,
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 induced A production by calculating
the ratios [given in Eqgs. (52) and (53)] of the total
cross sections in the e — y and e — u — 7 sectors. We
find that there is no dependence of M4 or the SU(3)
symmetry breaking on R;. However, R, shows some
dependence on the choice of M, as well as to the
different parametrizations of the pseudoscalar form
factor. Thus, the experimental observation of R, (Ej)
with a precision of 20% or higher would be able to
show any evidence of the violation of LFU in the
e — |t — T sector.
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