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Quasielastic production of polarized 7 leptons
in v, and 7, scattering from nucleons
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The cross sections and polarization components of the 7 leptons produced in the charged current induced
quasielastic v,(D;) — N scattering have been studied. The theoretical uncertainties arising due to the use of
different vector form factors and the axial dipole mass in the axial vector form factor have been
investigated. Due to the high mass of 7 lepton, the contributions from the term containing pseudoscalar and
second class current form factors are non-negligible and contribute to the uncertainty in the cross section
and polarization observables as these form factors are not well known. In view of the currently proposed
experiments by DUNE, SHiP, and DsTau collaborations to study the production of 7 lepton, an updated
calculation of the cross sections and polarizations of tau leptons in the case of quasielastic production have
been done and the numerical results have been presented along with a discussion of the theoretical

uncertainties.
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I. INTRODUCTION

The production of 7 leptons in the v, (7,)-nucleon
interactions induced by the charged current is of consid-
erable topical interest in the study of neutrino oscillations.
The observation of a few 7 lepton events in the recent
experiments by the DONUT [1,2] and the OPERA [3-5]
collaborations using accelerator neutrinos and by the
Super-Kamiokande [6,7] and IceCUBE [8] collaborations
using the atmospheric neutrinos have established the
existence of v, — v, oscillations. In view of the small
number of z-lepton events in these experiments, new
experiments have been proposed by the SHiP [9-11],
DsTau [12], and DUNE [13-15] collaborations in which
the number of lepton events produced in the v,—nucleon
interaction are expected to be of the order of a few
thousands during the running time of 3-5 years. In the
v,—nucleon interactions, the tau (z) leptons are produced by
the quasielastic (QE), inelastic (IE) and deep inelastic
scattering (DIS) processes. The relative importance of
these processes depends upon the energy of the 7 neutrinos
(v;). These 7 neutrinos are produced either through the
v, — v, oscillations in the accelerator [1-5,13—15], atmos-

"
pheric [6-8] and astrophysical sources [16] or through the
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decay of D, particles produced in the very high energy
proton-hadron collisions [9-11].

The 7 leptons produced in the v,—nucleon interactions are
identified by the leptons and pions into which these
leptons decay through various leptonic and hadronic
channels. The decay rates and the topologies of the leptons
and pions produced in the decay processes of the z lepton
depend upon the production cross section and polarization
of the 7z leptons produced through the various reaction
processes in the v,—nucleon interactions. In the region of
very high energy of v, where the lepton mass can be
neglected E, > m,, the produced 7 lepton is almost left
handed and the cross section is dominated by the DIS
processes. However, in the low and medium energy region
in which the quasielastic and inelastic processes play a
significant role, the knowledge of 7 polarization, in addition
to the cross section is an important parameter to determine
the rate and the topological characteristics of the final
leptons and pions coming from the 7z decays, in order to
reconstruct the genuine 7 lepton events produced in the v,—
nucleon interactions. It is, therefore, important to study the
theoretical uncertainties in the prediction of the cross
section and the polarization of the z produced in the v,—
nucleon and also in the v,—nucleus interactions as all the
present and future experiments are using nuclear targets.

In context of the present and future experiments which
use or propose to use nuclear targets, the uncertainties
involved in understanding the nuclear medium effects are
an important source of systematic uncertainty in predicting
cross sections and 7 polarization. Moreover, there exist
additional uncertainties even in the case of v, — N scatter-
ing as compared to v, — N scattering due to the large mass

Published by the American Physical Society
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of 7 lepton which makes the contribution of the pseudo-
scalar and second class current (SCC) form factors sig-
nificant [16-18]. Since the parametric form of the
pseudoscalar form factor is not determined very well
and is uncertain within the validity of partially conserved
axial vector current (PCAC) at high momentum transfers
and the presence (or absence) of the second class currents in
the 7 lepton sector is not known theoretically and/or
phenomenologically, therefore, the contribution of these
terms becomes model dependent leading to uncertainties in
the cross sections and 7 polarizations.

There have been many calculations of the cross section
and 7 polarization induced by various processes in the v,—
nucleon scattering [19-36]. While some of them consider
explicitly the effect of nuclear medium in the quasielastic
scattering [25,37,38], very few discusses the contribution
of the pseudoscalar and/or second class current form factors
[20,23-26]. None of them discuss the theoretical uncer-
tainties due to the use of various parametric forms of the
weak vector form factor arising specially due to the use of
the charge form factor of the neutron [39]. In recent years
there has been fair amount of discussion in the ambiguity of
the value of axial dipole mass M, in the dipole para-
metrization of the axial vector form factor in the case of
v, — N scattering [40,41] implying uncertainties in the
production cross sections and polarizations of 7 leptons in
the case of quasielastic v, — N scattering which have not
been studied.

In this work, we study the effect of using various
parametric forms of the weak vector and axial vector form
factors as well as the effect of pseudoscalar and second
class current form factors in the axial vector sector on the
total cross section, differential cross section and the
polarization components of 7z leptons produced in the
quasielastic v, (7, )—-nucleon scattering following our earlier
works in the case of v,(Z,)—nucleon and electron-nucleon
scattering [17,42-45]. In Sec. II, we define the matrix
element in terms of the various weak form factors and
describe their properties under symmetry transformations
and express the differential cross sections in terms of these
form factors. In Sec. III, we discuss the formalism for
calculating the polarization observables of the final lepton
produced in the quasielastic scattering processes. In

FIG. 1.

Sec. IV, we present and discuss the numerical results for
the total cross section and average polarizations while in
Sec. V, the results are presented and discussed for the
differential cross sections and (Q%-dependence of the
polarization observables of the 7z leptons and summarize
our results with conclusions in Sec. VL.

II. FORMALISM

A. Matrix element

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

ve(k) + n(p) = 7 (K) + p(p'), (1)

(k) + p(p) = =7 (K) + n(p'), (2)

1S written as

G
M= 7%005@1”]”, (3)

where the quantities in the brackets of Egs. (1) and (2)
represent the four momenta of the respective particles, G

is the Fermi coupling constant and 6.(= 13.1°) is the
Cabibbo mixing angle. The leptonic current /# is given by

I =a(k )y (1 £ ys)u(k), (4)

where (+)— sign is for (anti)neutrino. The hadronic current
J,, is expressed as:

Jy = ua(p)l,u(p) (5)
with
—A,. (6)

The vector (V) and the axial vector (A,) currents are given
by [17,44]:

(b)

Feynman diagram for the processes (a) v,(k) + n(p) — 7= (k') + p(p’) and (b) 0,(k) + p(p) = 77 (k') + n(p’), where the

quantities in the bracket represent four momenta of the corresponding particles.
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where N, N’ represents a nucleon n, p, with M, and M,
being the masses of the proton and the neutron. However, in
the numerical calculations we have used M = M in
place of M), and M,. q,(= k, — k,, = p;, — p,) is the four
momentum transfer with Q% = —¢%, 0> >0. f,(Q?),
f2(0Q%) and f5(Q?) are the vector, weak magnetic and
induced scalar form factors and g, (Q?), g,(Q?) and g5(Q?)
are the axial vector, induced tensor (or weak electric)
and induced pseudoscalar form factors, respectively.
According to the classification of G-invariance introduced
by Weinberg [46], the hadronic current associated with the
form factors f,(Q?) and g, 3(Q?) correspond to the first
class currents, while the hadronic current associated with
the form factors f3(Q?) and g,(Q?) correspond to the
second class currents (SCC).

B. Weak transition form factors

The general properties of the weak vector and axial
vector form factors consistent with the constraints due to
the symmetry properties of the weak hadronic currents are
summarized below [47-49]:

(a) Tinvariance implies that all the vector and axial vector
form factors f,_3(Q?) and g,_3(Q?) are real.

(b) The hypothesis that the weak vector currents and its
conjugate along with the isovector part of the electro-
magnetic current form an isotriplet implies that the
weak vector form factors f,(Q?) and f,(Q?) are
related to the isovector electromagnetic form factors
of the nucleon, ie., f1,(0%) = f1,(0%) — f1,(0%).
The hypothesis ensures conservation of vector current
(CVO) 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, i.e., f3(Q*) =0

and ¢,(Q?) = 0.

(e) The hypothesis of PCAC relates the form factor
93(0?) to the form factor g;(Q?) through the Gold-
berger-Treiman (GT) relation.

In summary, the form factor f3(Q?) = 0 both by CVC
hypothesis and G-invariance. The form factor g,(Q?) = 0
only in the presence of G-invariance. In the case of G-
noninvariance, g,(Q?) is nonvanishing and if it is real, it
preserves T invariance whereas if it is purely imaginary or
complex, the second class currents (SCC) in the axial
vector sector violate T invariance.

The expressions for the vector form factors f,(Q?) in
terms of the electromagnetic form factors f7,(Q?) and

'11,2(Q2) are given as

fl,Z(Qz) = f,z(Qz) —f'f,z(Qz)- (9)

The electromagnetic form factors /1 ,(Q?) and f7 ,(Q?) are
expressed in terms of the Sachs electric (G;"(Q?)) and
magnetic (G4;"(Q?)) form factors of the nucleons as

Prin2y — (1 Q_2 - G 2 Q_ZGP-," 2
) = (1+55) | GE"(©) + 45 G (@)
(10)
Q2

10 = (1425) 6@ -6 (e ()

For GL"(Q?) and G};"(Q?) various parametrizations are
available in the literature [50-57] and are given explicitly
in the Appendix I. In our numerical calculations, we have
used the parametrization given by Bradford et al
(BBBAOS5) [50] unless stated otherwise. These nucleon
Sachs’ form factors have been determined by fitting the
data available from the electron-proton scattering experi-
ments on the total cross section and polarization observ-
ables. In modern times, with the advancement in the
detector technology, it becomes possible to perform such
experiments with high intensity electron beams available at
JLab [57] and MAMI [58]. Moreover, with such precise
experiments Sachs’ electric and magnetic form factors have
also been determined from the data available from the
single and double polarization measurements. Recently
from the JLab experiment [57], the ratio of electric to
magnetic form factor of the proton G%(Q?)/G%,(0?) from
the double polarization measurement at Q° < 5.6 GeV?
has been measured and it shows large deviation from the
earlier results. Furthermore, in the case of neutron electric
form factor G%.(Q?), the recent data on the single and
double polarization observables are available which are
fitted using the different parametrizations of G%(Q?)
[54-57]. We have used these parametrizations of G%(Q?)
explicitly in our numerical calculations to show the
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dependence of the total and differential cross sections as well
as the polarization observables on G(Q?).

g1(Q?) is the axial vector form factor for n — p
transition which is determined experimentally from the
quasielastic (anti)neutrino scattering from the nucleons and
is parametrized as

mwzﬁﬁ%w (12)

with g4 (0) = 1.267 [59] and M, = 1.026 GeV [60].
The weak electric form factor g,(Q?) associated with the
second class current is parametrized as

92(0)
1+2)

2

0(0%) = (13)

in analogy with g,(Q?). In the present work, we have
studied the effect of the second class currents assuming T
invariance and have done numerical calculations by taking
92(0) = g&¥(0) = 0 and 1 [17], M; = M, = 1.026 GeV.

The contribution of g3(Q?) to the matrix element in
v,(D,) — N scattering is proportional to m2, and becomes
significant due to the high value of m,. The most widely
used parametric form of the pseudoscalar form factor is
obtained using the hypothesis of PCAC along with the GT
relation [61] in the pion pole dominance approximation and
is given as [17]:

2\ 2M zgl(Qz)
g3(Q ) - m%+Q2 ’ (14)
where m,, is the pion mass.

Apart from the above relation, there exist other para-
metrizations for the pseudoscalar form factor in the
literature [62,63]. One of the recent parametrizations
of g3(Q?) is based on PCAC and modified GT relation
in which the pseudoscalar form factor is expressed in
terms of gl(Q2) and the pion-nucleon form factor

G.n(0?)(= MgA — ganA % o ) and is given by [62]

e (3 ) (2 s
+2M91(Q2)} (15)

where f, = 92.47 MeV is the pion decay constant and
A =1-Y80 it g, = 13215001 [63].

C. Cross section

The general expression of the differential cross section
for the processes (1) and (2), in the laboratory frame, is
given by

11 . d3k’d* '=
2E 2E,

(16)

where E, = (E;_)E,_is the incoming (anti)neutrino energy.
The transition matrix element squared is defined as:

MmP =

where the hadronic and the leptonic tensors are obtained
using Egs. (4) and (5) as

D WFEEY

o — iz LI = Te[p* (1 £ y5)AK )y (1 + y5)A(K)],
(19)

Fcos 29, cgmr, (17)

AP T A(PT,] (18)

with T, = y°I'}y° and the expression for I', is given in
Eq. (6). The spin 1 projection operator A(P) for momentum
P=k,K,p,p corresponding to the initial and the final
nucleons and the leptons are given by

A(P) = (P + Mp). (20)

where Mp is the mass of the particle with momentum P.

Following the above definitions, the differential scatter-
ing cross section do/dQ? for the processes given in Egs. (1)
and (2) is written as

do  G%cos’0
— =L N(0Q?), 21
dQ*  8zM’E}] (&) @)
where N(Q?) = J*L,, is obtained from the expression
given in Appendix A of Ref. [17] with the substitution of
M' =M and m, = m,.

III. POLARIZATION OBSERVABLES
OF THE FINAL LEPTON

Using the covariant density matrix formalism, the
polarization 4-vector ({%) of the 7 lepton produced in the
final state in reactions (1) and (2) is written as [64]

Trlyysps(K')]
Trlps(K)]

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

= (22)

pr(K)=TPTe[AK )y (1£75)A(K)75(1£75)A(K)], (23)

o ¥
with 7, = 776y and 75 = yO7Ly°.
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Using the following relations:
T I.lo

—2>A(/<’)Ms (24)

AK)yTysA(K') = 2m, (g"’ -
and
AK)A(K") = 2m A(K), (25)
{" defined in Eq. (22) may also be rewritten as
Kk’
é’r — <g‘m _ 5 )
mT

TPy gysAK )yo (1 £75)Ak)74(1 £75)]
TPTe[AK )y (1 £75)A(K)75(1 £75)]

(26)

where m, is the mass of the 7z lepton. In Eq. (26), the
denominator is directly related to the differential cross
section given in Eq. (21).

With 7% and L, given in Egs. (18) and (19), respec-
tively, an expression for {* is obtained. In the laboratory
frame where the initial nucleon is at rest, the polarization

vector {, assuming T invariance, is calculated to be a
function of 3-momenta of incoming (anti)neutrino (k) and
outgoing lepton (k'), and is given as

£ = [A'(QV)k + B(QYK). (27)
where the expressions of A/(Q?) and B'(Q?) are obtained
from the expression given in Appendix B of Ref. [17] with
the substitution M’ = M and m, = m,

One may expand the polanzatlon vector C along the
orthogonal directions, &, &L, and &% in the reaction plane
corresponding to the longitudinal, perpendicular, and trans-
verse directions of the final lepton (/), as depicted in Fig. 2
and defined as

K kxk
ol =—, el=2¢! xel, where &L= . 28
L |k'| p=¢éLXer er= \kxly| (28)
We then write Z_T’ as:
C=¢p2) + (pel + Lok, (29)

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

£L(0%) =¢ -2, (p(Q?) = ep. (30)
From Eq. (30), 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

Y
>
&

(b)

FIG. 2.

(a) Momentum and polarization directions of the final
lepton produced in the reaction v, (k) + n(p) - == (k') + p(p’).
(b) ei, &L, and &) represent the orthogonal unit vectors
corresponding to the longitudinal, perpendicular, and transverse

directions with respect to the momentum of the final lepton.

PL(Q%) = C (Q%).  Pp(Q%) =¢p(0%). (31)

where % is the Lorentz boost factor along K. Using
k/

Egs. (27), (28), and (30) in Eq. (31), the longitudinal
P (Q?) and perpendicular P,(Q?) components are calcu-
lated to be

m, Al(Q})kK + BY(Q*)|K'|?
Ey N(Q)|K

PL(Q2) = (32)

AN(Q)[[KPIKP = (kK]

P 2) = —
A = OFIR<F

(33)

IV. RESULTS AND DISCUSSION: TOTAL
SCATTERING CROSS SECTION
AND AVERAGE POLARIZATIONS

To study the dependence of the cross section o(E,,_ @) ) and
average polarizations P; p(E, ;) on the (anti)neutrino’s
(7> We have integrated do/dQ* and Py p(Q?)
over Q2 and obtained the expressions for o(E,,,)) and
FL.P(EV,(Df)) as:

energy E,

Orx do
E, 3)) = dQ? 34
o(E,,@,)) /Q2 a0 0’ (34)

min

and

fQ"m Py p(Q%) L )i o dQ?
Ppp(E,@z,)) =— - (39)

Qmax do_ 102
m]n dQZ Q
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We have used Eq. (21) to numerically evaluate the differential
cross section do/dQ? and Egs. (32) and (33) to evaluate the
longitudinal P; (Q?) and perpendicular Pp((Q?) components
of polarization of 7 lepton, respectively. The Dirac and Pauli
form factors f7,(Q?); (N = p, n) are expressed in terms of
the electric and magnetic Sachs’ form factors, for which the
parametrization given by Bradford er al. [50] have been used,
unless stated otherwise. For g;(Q?) and g¢,(Q?), dipole
parametrizations have been used as written in Eqgs. (12)
and (13), respectively, with M, = 1.026 GeV and
M, = M,. For g3(Q?), the expressions given in Eqs. (14)
and (15) have been used.

In Fig. 3, we have presented the results for the total cross
section (o) as well as the average longitudinal [FL(EV,)]
and perpendicular [Pp(E, )] polarizations for the process
v; +n — 7~ + p in the top panel, and in the bottom panel,
the corresponding results are presented for the process
U, + p — t" + n. In this figure, we have studied the effect
of the vector form factors [Egs. (9), (10) and (11)] on the
total cross section and average polarizations by taking into
account the different parametrizations for the Sachs’
electric and magnetic form factors of the nucleon given
by Bradford et al., known as BBBAOS [50], Budd et al.,
known as BBAO3 [52], Bosted [51], Alberico et al. [53],
Kelly [54], and Galster et al. [55] which are given in the
Appendix. In the case of v, +n — 7= + p, the results for

the total cross section using the different parametrizations
of the electric and magnetic nucleon form factors are
almost consistent with each other, except for the results
obtained using the parametrization of Galster et al. [55]
which are slightly lower (1-2%) than the results of the
other parametrizations for £, < 6 GeV. However, beyond
E, =6 GeV, the results from all the other parametriza-
tions except the parametrization of Galster et al., are
consistent up to 10 GeV whereas the results with the
parametrization of Galster et al. [55] are higher. At
E, =10 GeV, the results obtained with the parametriza-
tion of Galster et al. [S5] are ~7% larger than the results
obtained using the parametrizations of other works
[50-54]. In the case of the average polarizations for the
process v, +n — 7~ + p, the results obtained with the
different parametrizations of the Sachs’s form factors are
consistent with one another except for the parametrization
of Galster er al. [55] throughout the range of E, . The
results obtained with Galster’s parametrization are smaller
than the results obtained with other parametrizations for
both P, (E, ) and Pp(E, ).

In the case of U, +p — t" + n scattering process,
unlike the neutrino induced process, the results obtained
with Galster et al. [55] are higher than the results obtained
with other parametrizations in the full range of Ej i.e.,
from threshold up to 10 GeV, while the results from all the

80

=1 - 4 -
o osr \ —— BBBAO5 1
[ \ 0.6 ---- BBA03 |
601 Y e A Alberico |
L 3 J + Bosted
e ok —— BBBAOS - _ - Galster
s —— BBBAOS = IR ---- BBAO3 1 = . Kelly
T 40 ---- BBAO3 1 =, N Alberico = 04 .. 1
=r 72 == Alberico ] (9 N - Bosted 1 =~ \\
o [ - Bosted osk N - = Galster _ R
B ---=- Galster a L N Kelly )
20 8 Kell S ™\ !
L h_,‘ elly ] L RO " 1 021 i ~ I
I i "-T:‘.f‘:f“'*—\»—* 1 Tr—l
P I P I I D D I PN I T TP PO i ey P A I I I U B
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10 3 10
E, (GeV) E, (GeV) E, (GeV)
80 e e | e R B 02 pre—r e e
I L ] [ ]
r =T - T 1 r 1
60l T i 095~ ///,’ . 0151 7
—~ T P 1 L7 - - v i
g [ 1 ~ 7 BBBAOS 1 | | —— BBBAOS 1
St X 4 | > K4 ---- BBAO3 1> 0= | R 7]
§ 40 - — g 09 L Alberi 18 [ BBAOS e
'L - —— BBBAO5 | ST E . B C’:jc" 1 o= [ Alberico ]
z [ v --—-BBAO3 | ™~ [ ! Do 1! [ - Bosted ]
° 1 // ----- Alberico | osske Kd“bter ] 0051~ -+ = Galster ]
20 K, ++++ Bosted B ety ] Kelly
3 B Galster 1 [/ ] oL s
[ - Kelly ] - ] o e
AT T T T T T SR iR I T DU I TR B P I D B T I P
3 4 5 10 3 10 3 4 10
E- (GeV) E; (GeV) E- (GeV)

FIG. 3. Top panel: left to right: 6 vs E, , PL(E,JI) vs E, , and PP(E,,r) vs E, for the v, +n — 77 + p process. Bottom panel: left to
right: 6 vs E; , P;(E; ) vs E; , and Pp(E; ) vs E; for the o, + p — =+ + n process. The calculations have been performed using the
axial dipole mass M, = 1.026 GeV and for the different parametrizations of the nucleon vector form factors viz., BBBAOS [50] (solid
line), BBAO3 [52] (dashed line), Alberico [53] (dashed-dotted line), Bosted [51] (dotted line), Galster [55] (double-dotted-dashed line),
and Kelly [54] (double-dashed-dotted line) being used in Egs. (10) and (11).
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other parametrizations are consistent among themselves.
For example, at E; = 5(10) GeV, the results obtained with
Galster et al. [55] are ~30% (23%) higher than the results
obtained with BBBAOS [50]. In the case of average
polarizations, P, (E; ) shows similar trend as we have
observed in the case of v, +n — 7~ + p, i.e., the results
obtained with the parametrization of Galster et al. [55] are
lower than the results of the other parametrizations which
are consistent among themselves, while the results of
Pp(E; ) using Galster ef al. [55] parametrization become
almost zero. This is in remarkable difference from the
results obtained using the parametrizations from other
works [50-54].

To see the dependence of the total cross section and
average polarizations on the electric form factor of
neutron [G%(Q?)] for the processes v, +n— 7"+ p
and o, + p — " + n, we have shown in Fig. 4, the results
foro, P (E, ;) and Pp(E, (;)) as a function of E,,  ,, by
taking into account the different parametrizations of
G"(Q?) available in the literature viz., the parametrization
given by Galster et al. [55], its modification by Platchkov
et al. [56], the parametrization given by Kelly [54] and its
modification by Punjabi et al. [57]. For comparison, we
have also presented the results using BBBAOS parametri-
zation [50]. It may be observed from the figure that in the

case of o for the process v, +n — 7~ + p, the results
obtained with BBBAOS [50], Kelly [54] and its modifica-
tion [57] are consistent with one another from threshold up
to E, =10 GeV, while the results obtained with Galster
parametrization and its modification are almost compa-
rable, but are higher than the results of BBBAOS5 [50]. In the
case of P, (E,) and Pp(E, ) for v, +n— 7"+ p, the
results show similar trend as observed in the case of Sachs’
form factor variation (Fig. 3), i.e., the results obtained with
the parametrization of BBBAOS [50], Kelly [54] and its
modification [57] are in a very good agreement with each
other but are higher than the results of Galster er al
parametrization [55] and its modification [56]. For the
process U, + p — 7" + n, the results obtained for the total
cross section as well as the average polarizations show
similar trend as observed in the case of v, induced process,
i.e., the results obtained with the parametrization of
Galster et al. [55] and its modification [56] are higher
than the results of BBBAOS [50] parametrization for the
total cross section, while in the case of Py (E; ) the results
obtained with the parametrization of Galster et al. [55]
and its modification [56] are lower than the results of
BBBAOS5 [50] whereas in the case of Pp(E; ), the results
using Galster et al. [55] parametrization and its modifica-
tion [56] are smaller than the results obtained using the
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FIG. 4. Top panel: left to right: 6 vs E, , P (E, ) vs E, , and Pp(E, ) vs E,_for the v, +n — 7~ + p process. Bottom panel: left to

right: 6 vs E; , Py(E; ) vs E; , and Pp(E;

) vs E forthe v, + p — o +n process The calculations have been performed using the

axial dipole mass M, = 1.026 GeV and with the different parametrizations of the neutron Sachs electric form factor G7,(Q?) viz.
BBBAOS [50] (solid line), Galster with 4, = 0 [55] (dashed line), Galster with 4, = 5.6 [55] (dashed-dotted line), Galster modified
given by Platchkov er al. [56] (dotted line), Kelly [54] (double dotted-dashed line), and Kelly modified given by Punjabi et al. [57]

(double dashed-dotted line).
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parametrizations of BBBAOS [50], Kelly [54] and its
modification [57] which are significantly higher and
non-negligible.

To study the effect of the axial dipole mass M, on o as
well as on P, (E, ) and Pp(E, ), we have presented in
Fig. 5 the results for v, +n — 77 4 p process in the top
panel and in the bottom panel, the results are presented for
the 0, + p — v + n scattering process. We have varied
M , in the range 0.9—1.2 GeV which has been suggested as
the range of the possible values of M 4 in the different works
available in the literature [41]. From the figure, it may be
observed that with the increase in M, the strength of the
cross section increases and this increase is significant even
near the threshold region. For example, by increasing M,
by 20% from the world average value, the cross section for
the process v, +n — 7~ + p at Ev, = 3.5, 5 and 10 GeV,
respectively, increases by about 40%, 28%, and 20% while
for the process 7, + p — t* + n, o increases by ~60%,
25%, and 19%, respectively, at E; = 3.5, 5, and 10 GeV.
Similarly, by decreasing the value of M, by 10% from the
world average value ie., M, = 1.026 GeV, the cross
section for the process v, +n — 7~ + p decreases by
~24%, 17%, and 15% at E, =3.5, 5, and 10 GeV,
respectively, while for the process o, + p — t + n, the
decrease in o is about 22%, 15%, and 12% at E; = 3.5, 5,
and 10 GeV, respectively. Although, there exists large

dependence of M, on the total cross section, the average
longitudinal polarization P, (E,,T(,;f)) is almost insensitive to
the variation in the value of M, for the neutrino as well as
antineutrino induced quasielastic scattering processes and
also for Pp(E, ) in the case of neutrino induced process,
while Pp(E; ) in the case of antineutrino induced process
shows significant M, dependence for the lower values of
M, at E; =4 and 5 GeV, for example, by decreasing M,
by 10%, decreases Pp(E; ) by ~60% and 35%, respec-
tively, and this difference in the values Pp(E; ) gradually
becomes smaller with the increase in M.

This can be compared with the corresponding results in
the case of v,(,) — N scattering. In the case of v,(7,)
induced quasielastic scattering, the threshold for the muon
production is ~0.1 GeV, while in the case the v,(7,)
induced processes, the threshold is ~3.5 GeV. In the case
of v, induced process, increasing M 4 by 20%, increases the
cross section at E, = 0.2 GeV (near the threshold) by 3%,
while at ED” =1, 2 and 3 GeV, o increases by ~15%, 18%,
and 18%, respectively [17]. In contrast, we have observed
(Fig. 5) the increase in ¢ to be 48%, 28%, and 20% at
E, =35, 5, and 10 GeV, respectively, when M, is
increased by 20% from the world average value in the
case of v, — N scattering. It may be pointed that in the case
of v, induced processes, the percentage increment in o

=09 GeV
=1.026 GeV

FIG. 5. Top panel: left to right: 6 vs E, , PL(EL,) vs E, , and PP(E,,r) vs E, for the v, +n — 77 + p process. Bottom panel: left to
right: o vs E; , P1(E; ) vs E; , and Pp(E; ) vs E;_for the D, + p — ©" 4 n process. The calculations have been performed using
electric and magnetic Sachs form factors [Eqs. (10) and (11)] parametrized by Bradford et al. [50] and for the axial form factor
[Eq. (12)], the different dipole mass has been used viz. M, = 0.9 GeV (solid line), 1.026 GeV (dashed line), 1.1 GeV (dashed-dotted

line), and 1.2 GeV (dotted line).
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obtained using M, = 1.2 GeV, increases with increase in
E,Jﬂ, while in the case of v, induced processes, the

percentage increment in ¢ decreases with increase in the
energy of the incoming neutrino. Similarly, in the case of 7,
induced quasielastic scattering process, we observe a
similar trend as has been observed in the case of v,
scattering, but quantitatively the percentage increment
in the cross sections are smaller in the case of v, — N
scattering.

To study the effect of pseudoscalar form factor on the
total cross section o, and the polarization observables
P(E, .E;) and Pp(E, . E; ) for the processes v, +n —
=+ p and U, + p - t" +n, we have used two para-
metrizations as given in Eqgs. (14) and (15). The numerical
results are presented in Fig. 6. It may be observed from the
figure that the results obtained using PCAC + GT and
PCAC + modified GT are consistent for ¢ for both the
neutrino as well as antineutrino induced processes and tend
to decrease the cross sections by ~3% and 6%, respectively,
for these processes at E, ; ) = 10 GeV. This decrease in
the results due to the inclusion of g3(Q?) implies that in the
case of v, (D,) —N scattering, there is non-negligible
contribution from the pseudoscalar form factor specially
at higher energies. For both the processes, Py (E, ;) is
almost insensitive to the different parametrizations of

95(Q*) while Pp(E, ;) shows some dependence and
the nature of dependence is different for the neutrino
and the antineutrino induced processes as shown in these
figures.

To observe the dependence of the second class current
form factor, we have varied g&(0) used in Eq. (13), and
studied its effect on the total cross section and average
polarizations. In Fig. 7, we have presented the results for o,
P,(E, ) and Pp(E, ;) as a function of neutrino (top
panel)/antineutrino (bottom panel) energies by taking
g%(0) = 0 and +1. There is some information about the
value of ¢g&(0) from the muon capture and quasielastic
scattering but it is not conclusive. The value of the dipole
mass M, can be determined from the analysis of the
quasielastic neutrino scattering. In the absence of such
analyses M, is taken to be equal to M, in the dipole
parametrization of the form factor g,(Q?) and a nonzero
value of ¢g§(0) is chosen for the purpose of illustrating the
quantitative effect of the second class currents in v, — N
scattering. It may be observed from the figure that in the
case of o, for both the processes v, +n — 7z~ + p and
U, + p = " + n, the results obtained with ¢§(0) = —1 are
slightly lower (1-2%) than the results obtained with
g5(0) =0 in the range of E, ; from threshold up to
10 GeV, while the results obtained with g&¥(0) = +1, are

R 1.7 e
F T T T T T T 0T T T T T ] [T T T |2 )
E [ s ] 06 —g;(Q):GT
60f L —ug (Qz); GT | T N\ - g, (Q); PCAC
-2 w0k ] oL == g (Q);PCAC ] os - g, @Q)=0
E 1 ~. T . 2 1 ~.05F
s wf g (Q):GT 4 o g (Q)=0 1 o
2Lk = g@ypcac
° * g, Q)=0 E
20 -
10f E
) FE N DU I B B
3 4 5 6 7 8 9 10
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e 2r
3 0.981— e\ ]
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Ng 40F ~ 096/~ ~ouaf ]
| > >
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s 30F —— £, (@):GT o 0os & Q) ] =0 -
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FIG. 6. Top panel: left to right: 6 vs E, , P (E, ) vs E, , and Pp(E, ) vs E, for the v, +n — 7~ + p process. Bottom panel: left to
right: 6 vs E; , P1(E; ) vs E; , and Pp(E; ) vs E;_for the D, + p — ©" + n process. The calculations have been performed using
electric and magnetic Sachs form factors [Eqs. (10) and (11)] parametrized by Bradford er al. [50] and for the axial form factor
[Eq. (12)], M, = 1.026 GeV is used, with the different parametrizations of the pseudoscalar form factor viz., using Goldberger-Treiman
relation (solid line), modified PCAC relation given by Schindler [62] (dashed-dotted line), and g3 (Qz) = 0 (dotted line) as discussed in

Sec. II B and the expressions are given in Egs. (14) and (15).
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FIG. 7. Top panel: left to right: 6 vs E, , P (E, ) vs E, , and Pp(E, ) vs E, for the v, +n — 7~ + p process. Bottom panel: left to
right: 6 vs Ey, P, (EB,) vs Ey , and PP(E,;T) vs E; forthe v, + p — 7+ + n process. The calculations have been performed using
electric and magnetic Sachs form factors [Eqs. (10) and (11)] parametrized by Bradford et al. [50] and for the axial form factor (Eq. (12),
M, = 1.026 GeV is used, with the different values of g§(0) Viz. g§(0) = 0 (solid line), 1 (dashed line), and —1 (double-dotted-dashed
line) used in Eq. (13).
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FIG.8. (Q2-dependence of the differential scattering cross section -2 7 QZ (left panel), longitudinal polarization P; (Q?) (middle panel) and
perpendicular polarization Pp(Q?) (right panel) for the processes v, +n — 7~ + p (upper panel) and 7, + p — 7+ + n (lower panel)
when 7~ (z7) is polarized at E, ; =10 GeV with M, = 1.026 GeV. Lines and points have the same meaning as in Fig. 3.
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higher from the results obtained with ¢5(0) = 0 and the
difference decreases with the increase in energy. For
example, at E, ;) =5 GeV, the results obtained with
g%(0) = +1 are higher by about 18 (30)% from the results
of ¢g§(0) =0, while at 10 GeV, this difference becomes
10 (12)% for the neutrino (antineutrino) induced processes.
In the case of P1(E, ; ), there is a slight variation due to the
change in the value of ¢X(0) for the neutrino induced
process, while for the antineutrino induced process, this
difference is larger at lower antineutrino energies which
gradually becomes smaller with the increase in energy.
For Pp(E, ;). the results for both the neutrino as well as
antineutrino induced processes show dependence on the
choice of g& (0), while the nature of dependence is different.
In the case of v, induced reaction, in the peak region, the
results are ~20% smaller for g&(0) = +1 from the results
obtained with ¢g&¥(0) =0, while using ¢&(0) = -1 the
results are 18% higher than the results obtained using
g% (0) = 0. However, in the case of 7, induced processes,
the results obtained with g§(0) = +1 are lower than the
results obtained with ¢g§(0) = 0 in the region of threshold
up to £ =6 GeV. In the threshold energy region, the
results with ¢§¥(0) = 0 and ¢5(0) = —1 are close by while
at high energies E; (> 5 GeV), the difference in the results
of g8(0) =0 and ¢§(0) = +1 is quite small.

V. RESULTS AND DISCUSSION: DIFFERENTIAL
SCATTERING CROSS SECTION AND
Q*-DEPENDENT POLARIZATION
OBSERVABLES

To see the dependence of -4, i P .(Q?) and Pp(Q?) on the
nucleon vector form factors, we have presented in Fig. 8 the
numerical results for the production of polarized 7z~ in
the process v, + n — 7~ + p as well as for the polarized 7
in the process o, + p — 7" +n by using the different
parametrizations of Sachs’ electric and magnetic form
factors given in Appendix. In the case of differential
scattering cross section for both the processes, at lower
energies of the incoming neutrino and antineutrino, there is
hardly any variation (not shown here) due to the different
parametrizations of the Sachs’s electric and magnetic form
factors. Therefore, the results have been presented only at
E, ) =10 GeV for the purpose of illustrating the main
features. At E, ;) = 10 GeV, the differential scattering
cross section obtained using the different parametrizations
of vector form factors are different only in the high Q2
region where the parametrizations of BBBAOS [50], Kelly
[54] and Bosted [51] are consistent with one another while
the results obtained with the parametrizations of Alberico
[53] and Galster [55] are higher than the one obtained with
BBBAOS5 [50]. Furthermore, this difference in the differ-
ential cross section for the various parametrizations is more
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FIG. 11. sz (left panel), P, (Q?) (middle panel), and Pp(Q?) (right panel) versus Q> for the process o, + p — 7+ + n when 7+
is polarized at E; = 4 GeV (upper panel), 5 GeV (middle panel), and 10 GeV (lower panel). The results are shown for the different
values of M, = 0.9, 1.026, 1.1 and 1.2 GeV. Lines and points have the same meaning as in Fig. 5.

113009-12



QUASIELASTIC PRODUCTION OF POLARIZED 7 ...

PHYS. REV. D 102, 113009 (2020)

pronounced in the case of 7, induced process than in v,
induced process. In the case of v, induced process, there is
almost no sensitivity of the polarization components
P;(Q?) and Pp(Q?) when the different parametrizations
for the Sachs’ electric and magnetic form factors are
used. However, in the case of 7, induced process, we
observe large dependence of P, (Q?) and Pp(Q?) on
the different parametrizations of Sachs’ electric and mag-
netic form factors of nucleon for Q% > 8 GeV? in the
case of P,(Q?) and for Q*>6 GeV? in the case
of Pp(Q?).

Similarly, in Fig. 9, we have presented the results for the
polarized 7~ produced in the reaction v, +n — 7~ + p and
for the polarized 7" produced in the reaction U, + p —

+ +n for 4 pr P.(Q?%) and Pp(Q?) as a function of Q?

using the different parametrization of G%(Q?) given by

BBBAOS [50], Galster et al. [55] using 4, =0 and 5.6,
modified Galster parametrization given by Platchkov et al.
[56], Kelly [54], and modified Kelly parametrization given
by Punjabi e al. [57] at E; = 10 GeV. It may be observed

from the figure that in the case of ddé’z for both the processes,

the results obtained with BBBAOS [50], Kelly [54] and its
modification by Punjabi [57] are consistent with each other
while the results obtained using the parametrization of
Galster et al. [55] with 4, = 5.6 and its modification by
Platchkov et al. [56] are consistent with one another but
higher than the results with BBBAOS [50]. This effect is
more pronounced in the case of 7, induced process than in
v, induced process. The polarization components P; (Q?)
and Pp(Q?) in the case of v, induced process, are almost
insensitive to the different parametrizations of G7.(Q?)
while in the case of U, induced process, there is a little
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FIG. 12. dd—Q"z (left panel), P, (Q*) (middle panel), and Pp(Q?) (right panel) versus Q> for the process v, +n — 7~ + p when 7~ is

polarized at £,

=4 GeV (upper panel), 5 GeV (middle panel), and 10 GeV (lower panel) with M, = 1.026 GeV. The results are

shown for the different parametrizations of the pseudoscalar form factors. Lines and points have the same meaning as in Fig. 6.
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dependence of P, (Q?) on the different parametrizations of
G.(Q?%), whereas we observe significant variation in
Pp(Q?) for 4 GeV? < Q2 < 14 GeV2. Moreover, it is
worth mentioning that the results obtained with Kelly
[54] parametrization and its modification [56] as well as
with Galster [55] using 4 = 5.6 and the modification of
Galster’s parametrization given by Platchkov et al. [56]
give almost the same results for both P, (Q?) and Pp(Q?)
at all the values of Ej_ and Q? considered in this work.
In Fig. 10, we have presented the numerical results for
the differential cross section % and the polarization
components viz. P;(Q%) and Pp(Q?) for the polarized
7~ in the process v, +n — v~ + p as a function of Q? at
E, =10 GeV by taking the different values of the axial
dipole mass, M, = 0.9, 1.026, 1.1 and 1.2 GeV. For the
differential cross section, we find that by increasing M 4 by
20%, the differential cross section increases in the peak

region by ~45%. While for a decrease in M4 by 10% from
the world average value, the differential cross section in the
peak region decreases by ~31%. It may be pointed out that
although, there is a significant dependence of the differ-
ential cross section on M 4, the polarization observables are
not much affected by the variation in M 4 at all values of Q>
at a given E, .

In Fig. 11, we have studied the effect on dQZ’ P.(0?),
and Pp(Q?) for the polarized 7+ produced in the process
U,+p—t"+natE;, =4,5and 10 GeV by varying M,
in the range 0.9-1.2 GeV. One may notice that there is a
significant dependence of -4, o Py (Q?), and Pp(Q?) on M.
Unlike in the case of v, induced quasielastic scattering
(shown in Fig. 10), it may be noted from the figure that in
the case of r, scattering, at all the values of E;_ and at low
Q?, the differential scattering cross section increases with
the increase in the value of M ,. We also observe significant
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7+ is polarized at E, =4 GeV (upper panel), 5 GeV (middle panel), and 10 GeV (lower panel). Lines and points have the same

meaning as in Fig. 6.
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dependence of P, (Q?) and P»(Q?) on M 4. Moreover, this
dependence is found to be energy dependent also.

In Figs. 12 and 13, we have presented the numerical
results to depict Q? dependence of the scattering cross
section dd—é’z and the polarization components viz. P, (Q?)
and Pp(Q?), respectively, for the polarized 7~ in the
process v, +n — 7~ + p and 7t in the process 7, + p —
7t +n at the three different values of (anti)neutrino
energies viz. 4, 5 and 10 GeV using the different para-
metrizations of the pseudoscalar form factor given in
Egs. (14) and (15). We find very small effect of the
differential scattering cross section on g3(Q?), while
P, (Q?) shows some dependence on Q° whereas we find
a larger dependence of Pp(Q?) on the pseudoscalar
form factor when it is determined using the modified
GT relation. Moreover, the effect is found to be larger at
higher energies, for example, at £, = 10 GeV, considered

in this work.

VI. SUMMARY AND CONCLUSIONS

We have studied the quasielastic scattering of tau
neutrinos and antineutrinos from nucleons induced by
the weak charged currents, i.e., v, +n — 7~ + p and 7, +
p — 7" + n and analyze the effect of using the different
parametrizations of the isovector vector form factor, axial
vector form factor, pseudoscalar form factor and the effect
of second class currents with T invariance. The theoretical
uncertainties in predicting the production cross sections
and the polarization of the 7 leptons due to the use of these
different parametrizations have been discussed. The results
are presented for o—(E,,f(,;f)), average polarization compo-
nents P (E, ;) and Pp(E, ) for the z* produced in the
final state. We have also studied the Q? dependence of the
scattering cross section (do/dQ?%) as well as the longi-
tudinal (P, (Q?)) and perpendicular (Pp(Q?)) polarization
components of the 7z lepton on the form factors at the
different neutrino and antineutrino energies.

We find that:

(i) There is some difference in the results of ¢(E, ;)
as well as P,(E, ;) and Pp(E, ;) when the
Galster et al. [55] parametrization of the vector form
factors is chosen, in comparison to the results
obtained using the other parametrizations available
in the literature like that of Bradford et al. [50], Budd
et al. [52], Bosted [51], Alberico et al. [53], and
Kelly [54], which is more in the case of antineutrino
induced process than in the case of neutrino induced
process.

(i) When the different parametrizations for the neutron
electric form factor G7.(Q?) are chosen, then the
parametrizations of BBBAOS [50], Kelly [54] and its
modification [57] give similar results, while the
parametrizations of Galster [55] and its modification

[56] give similar results. Moreover this variation is
observed to be larger in the case of antineutrino
induced charged current quasielastic process as
compared to the neutrino induced process.

(iii) While there is a strong dependence of M, on
o(E,,z,)) for both neutrino as well as antineutrino
induced processes, P, (E, ;) shows hardly any
dependence for the neutrino induced process
whereas for the antineutrino induced process there
is a little dependence on the choice of M, in the low
energy region, with the increase in M 4. The results
for Pp(E, ,)) shows mild dependence on M, in the
case of neutrino induced process while there is a
larger dependence of M, in the case of antineutrino
induced process. However, with the increase in the
value of M, this difference gradually becomes
smaller but nevertheless non-negligible.

(iv) The different choices of the pseudoscalar form factor
does not have much effect on the total scattering
cross sections as well as on the polarization ob-
servables in the energy region of E, ;) < 10 GeV
considered in this paper.

(v) The effect of the second class current is appreciable
for g§(0) = +1 [Eq. (13)] in the case of 6(E, ;)
both for the neutrino as well as antineutrino induced
processes. FL<EL/,(E,)) for neutrino induced process
shows little dependence on the second class current
while for the antineutrino induced process there is
significant dependence on the choice of ¢&(0)
specially for E; < 8 GeV. Pp(E, ;) shows strong
dependence on the choice of ¢g&(0) both for the
neutrino as well as antineutrino induced processes,
however, the nature of dependence is not the same
for these two processes.

(vi) We have also studied the Q? dependence of dd—é’z,
P.(Q?), and Pp(Q?) on the vector form factor, axial
dipole mass, and pseudoscalar form factor and the
numerical results have been presented for the differ-
ent (anti)neutrino energies.
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APPENDIX: PARAMETRIZATION OF SACHS’
ELECTRIC AND MAGNETIC FORM FACTORS
OF THE NUCLEON

In the following, we present the various parametrizations
available in the literature for the nucleon Sachs’ electric and
magnetic form factors.
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A. BBBAOS5: The form of electric and magnetic Sachs’ form factor given by Bradford e al. [S0] (BBBAOS) is

1 —0.0578¢
GP 2 —
£(Q7) 1+ 11.17 + 13.67% + 33.07°
G?(Q?) _ 1+0.157
1y 1+ 11.17 + 19.67% + 7.5443
1.257 + 1.3072
Gn 2 —
£(C7) 1 —9.867 + 30572 — 7587 + 8027*
G, (0%) _ 1+181r o 0? (A1)
Iy 1+ 1417 +20.772 + 68.773° am?’

B. BBAO3: Budd et al. [52] (BBA03) parametrized electric and magnetic form factors as

1

Gl’ 2\ —

£(0) =5 +3.2530% + 1.4220* 4 0.085820° + 0.33180° — 0.09370'" + 0.010760"
Gu(Q%) _ !
1+u, 1+3.1040% + 1.4280% + 0.11120° — 0.006980° + 0.00037Q'°
Giu(Q*) _ I

Hn 1 +3.0430% + 0.85480* + 0.68060° — 0.12870% + 0.00890"?

0.9427
n 2\ 2

with p, = 1.7927uy, p, = —1.913uy, My = 0.84 GeV and 4, = 5.6 and Gp(Q?) is parametrized as

Gp(Q*) = —F5- (A3)
(1+ )
with My = 0.84 GeV and Q? is in units of GeV?2.
C. Galster et al.: The parametrization of electric and magnetic form factors, as given by Galster et al. [55]:
G(Q%) = Gp(Q?) Gy(Q%) = (1 +u,)Gp(0?)
G (@) = 1Gn(0) 6@ = (12 )Gl
1
$n =
(1= )
D. Platchkov ef al. (modified Galster): Platchkov ef al. modified G%:(Q?) of Galster’s parametrization as:
n (02 apnT 2
=—— A4
GH(Q?) = = Gp(?). (A4)

with @ = 1.51 and b = 8.4.
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E. Kelly: The parametrization for G, (Q?) and G;"(Q?) given by Kelly [54] is

1-0.247

GP 2 —

£(07) 1 4+ 10.987 + 12.827% + 21.9773
Gy (0% 1+0.127

u, 1410977+ 18.867° + 6.55¢°

1.7¢ 1

Gn 2 —

Q%) 143.37(1 — 0%/(0.84)%)?
G (0? 1+2.33

M(Q ) _ + T (AS)

fy 1+ 147204242072 + 84.17°

F. Punjabi et al. (modified Kelly): Punjabi ef al. [57] have modified Kelly’s fit [54] for G and G, by including the new
data since the Kelly fit was done. Their best fits for y,G%/G%, and p pGZ /G, are given as:

1, G 2.63167
Gy 1+4.118\/7+0.295167°

u,Gy 1 —5.78917 + 14.4937% — 3.503273
Gy 1—5.58397 + 12.9097% + 0.889967° + 0.54207*

G. Alberico et al.: The parametrization for G5"(Q?) and G};"(Q?) given by Alberico et al. [53] is
1-0.197

Gl’ 2 —
£(07) 1+ 11.127 + 15.167% + 21.2573
Gy (0% 1+ 1.09¢

u, 1412317+ 25577% +30.617°

1.687

Gn 2 — G 2

7(07) 173637 p(Q%)
G (0? 1+8.28

fy 1421307+ 777% + 23873

H. Bosted: The parametrization for GL"(Q?) and G};"(Q?) given by Bosted [51] is

GL(QY) = :
1 +0.620 + 0.6802 + 2.800° + 0.830*

Gy(Q*) 1
1+u, 140350 +2.440%+0.50° + 1.040% + 0.340°
1.25¢
n 2\ _ 2
G 2 1

Uy 1 =1.740Q +9.290% - 7.630° + 4.630*’

where Q = \/Q?, is in units of GeV.
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