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Nuclear effects on tau lepton polarization in charged current deep inelastic
v,/V,—A scattering
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We have studied the tau-lepton polarization in the charged current v,/7,-induced deep inelastic
scattering (DIS) from the free nucleon, as well as off the nuclear targets that are being used in ongoing and
proposed experiments such as IceCube, DUNE, etc. For the free nucleon target, the differential scattering
cross sections are obtained by taking into account the nonperturbative effects, like target mass corrections
(TMC), and the perturbative effects, like the evolution of the parton densities at the next-to-leading order
(NLO) in the four-flavor MS scheme. In the case of nucleons bound inside a nuclear target, we have
incorporated the nuclear medium effects such as Fermi motion, binding energy, and nucleon correlations,
through the use of the nucleon spectral function. We shall present the results for the differential scattering
cross sections and the longitudinal and transverse components of the tau-lepton polarization, assuming

time-reversal invariance.
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I. INTRODUCTION

In the last two decades, the particle physics community
has put in appreciable efforts to study the third generation of
the lepton family—i.e., the charged lepton z* (z7) and its
neutral partner 7, (v,) [1,2]. Though the 7 lepton was
discovered for the first time in 1975 by the SLAC-LBL
Collaboration [3], it took almost 25 years thereafter to detect
v,. The v, was detected by the DONUT Collaboration [4] in
2000 based on the observation of the four v, events in the
charged current interaction channels. Later on, the OPERA
experiment at CERN [5] observed v, events in the direct
appearance mode in the v, — v, oscillation channel. The
observation of charged current v, interactions is more
difficult as compared to the v, and v, interactions due to
the short life of 7 leptons (2.9 x 10713 s) produced in the
final state. To date, z-lepton events with limited statistics
have been observed in accelerator-based experiments such
as DONUT (9 v, events) [4,6], OPERA (10 v, events) [5,7],
and NOMAD (9 v, events) [8], while 291 v, candidates are
reported by the atmospheric neutrino-based SuperK experi-
ment [9], and 1806 candidates from the astrophysical
sources are identified in the IceCube experiment [10,11].
So far, all the available experimental measurements have
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large statistical and systematic errors of about 30%—50%,
which are mainly because of the low statistics and the
experimental uncertainties [12]. It has been planned to study
7-lepton production with improved statistics via the decay of
D, mesons (D, — 7v,) in the DsTau [12] and SHiP [13]
experiments, by using an emulsion detector in the
FASERv [14-17] and SND@LHC [18,19] experiments,
as well as through the v,(7,) — v,(7,) oscillation channel
in the DUNE [20,21], IceCube upgrade [22,23], and
T2HK [24,25] experiments that cover a wide energy
spectrum of neutrinos. DUNE is the only accelerator-based
experiment which has the ability to collect and accurately
reconstruct the v, charged current events. It is expected that
at the DUNE, v, events in the appearance mode would be
between 100 and 1000 [20,21]. An important goal of the
DUNE and HyperK experiments is to determine the neutrino
mass hierarchy (normal or inverted) which relies on the v,
flux measurements; however, it would have uncertainty
arising due to v,(7,)<=v,(0,) oscillation giving rise to
tauons, which decay to electrons (i.e., 7 — e decays). The
study of the 7 lepton and its neutral partner v, is important, as
itis a compelling probe to test the lepton flavor universality
(LFU), which is one of the principal assumptions of the
standard model of particle physics [26-28]. However,
this assumption has been questioned by the observation
of asymmetry measurements in the decays of B mesons
into the semileptonic final states [e.g., B = D* 1ty ;
tt - zta xt(2°)0,] at the LHCb experiment [29-31].
Earlier, the B meson’s decay into the 7 lepton has
been investigated by the dedicated BABER [32,33] and
Belle [34-36] experiments. The search for lepton-flavor
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violation may open a window to discover new physics. The
upgraded Belle experiment (Belle-II), a next-generation
flavor factory at the SuperKEK [37], also aims to study
the z-lepton decay modes which are relevant to test the
standard model assumptions, as well as to explore the new
physics beyond the SM. It is important to mention that
among the charged leptons (e*, u*, 7%), the 7 lepton is the
only one which decays into hadrons and thus may prove
to be a unique source in the study of both inclusive as
well as exclusive processes, corresponding to the perturba-
tive and nonperturbative energy regimes, respectively [38].
Furthermore, a thorough understanding of the z-lepton
properties is required for the accurate measurement of the
neutrino oscillation parameters, to determine the neutrino
mass hierarchy, and to reduce the existing uncertainty in the
neutrino-nucleon and neutrino-nucleus scattering cross
section measurements [39—42], as well as in the v, obser-
vation from astrophysical sources [43—-45].

Due to their heavy mass (m, = 1.78 GeV), = leptons
produced in the charged current v, interactions through
various reaction channels like the quasielastic, the inelastic,
and the deep inelastic scattering, are not fully polarized in the
energy region of afew GeV (E,_ < 10 GeV). Itis difficult to
study the reaction v,(7,) +5 X = 77(¢7) + Y via direct
detection mode due to its short lifetime, and the z lepton
is identified by the observation of its decay products such as
leptons and pions, whose decay rates and topologies depend
upon the production cross section and the polarization of the
7 leptons. The effect of z-lepton polarization should be
studied on the z-lepton production signal, and for estimating
the background events in the v, — v, appearance channel,
etc. Since the oscillation amplitude of v, — v, is larger than
v, = V., and the branching ratio of 7= — e*X is relatively
large, the electron production through v, > v, > 17— ¢
reaction can be significant and would contribute to the
background events. It is important to point out that the
present neutrino event generators such as GENIE [46,47],
GiBBU [48,49], NuWro [50], and NEUT [51] assume the
final-state 7 lepton to be purely left-handed and simulate v,
events just like in the case of v, and v, events, which is not
appropriate to determine the genuine number of v, events in
the energy region of a few GeV [52]. In the literature, various
studies are available for the z-lepton polarization in
v.-nucleon charged current interaction through different
reaction channels such as the quasielastic, the inelastic,
and the deep inelastic scattering processes. For example, in
the case of the charged current v, — N quasielastic scattering
process, the polarization of the final-state 7z lepton has been
studied by various authors [53—62], while for the inelastic
processes it is discussed by some of these authors in
Refs. [53-56,59,63].

The z-lepton polarization for the deep inelastic v, (7,)
scattering off the free nucleon target has been discussed in
Refs. [53-56,64—66]. However, the results reported for the
7-lepton production cross sections and their polarization

observables suffer from some uncertainties arising due to
(i) the adopted choice of different limits for the kinematic
constraints on W and Q? to demarcate the onset of DIS, and
(ii) the use of different parametrizations of the nucleon
structure functions. For example, in Refs. [53,54], authors
have evaluated the DIS cross sections and the degree of
polarization at NLO by directly using the PDFs grids of
MRST parametrization [67]—i.e., without considering Q2
evolution of the parton densities from the leading order
(LO) to next-to-leading order (NLO). These authors also
put constraints on the four-momentum transfer square, such
that the nucleon structure functions are evaluated at a
fixed value of Q% = Q3 = 1.25 GeV? for all Q* < Q3.
Graczyk [65] uses GRV98 PDF parametrization [68] and
freezes Q% = Q3 = 0.8 GeV?, without and with the
Bodek-Yang corrections [69], to study the cross sections
and polarization of the produced 7 lepton in the v, — N
scattering. Moreover, in many studies, different values of
the kinematical cut on the center-of-mass (c.m.) energy (W)
to define the onset of the DIS process are taken into
consideration—for example, W > 1.4 GeV is taken by
Hagiwara et al. [53] and W >M +m, is taken by
Graczyk [65], while the most widely used neutrino
Monte Carlo event generators like GENIE [47] and
NEUT [51] take W > 1.7 GeV and W > 2 GeV, respec-
tively. In the MINERVA experiment at the Fermilab [70],
which covers a wide energy spectrum and performs
EMC-like [71] measurements to study the nuclear medium
modifications in (anti)neutrino-induced DIS processes
off different nuclear targets, the kinematic region of
W >2 GeV and Q> 1 GeV? is considered to be the
region of true DIS events [70,72].

Since most of the neutrino experiments are performed
using medium or heavy nuclear targets, a better under-
standing of the nuclear medium effects is crucial, especially
in the low- and intermediate-energy regions. Therefore, it is
also important to study the impact of the nuclear medium
effects on the polarization observables of the final-state 7
lepton, which may provide a complementary way to test the
nuclear models available for the scattering cross sections.
In the literature, the nuclear medium effects in the z-lepton
polarization for the quasielastic scattering process are
discussed in various studies by Graczyk [73], Valverde
et al. [74], Lagoda et al. [75], Amaro et al. [76], Sobczyk
et al. [77], Hernandez et al. [78], Isaacson et al. [52], etc.,
while there is hardly any work, where z-lepton polarization
effects have been analyzed in v, (7, )-induced inelastic and
deep inelastic scattering processes on nuclear targets with
nuclear medium effects.

In this work, for the first time, the effects of the nuclear
medium have been explicitly taken into account in the
study of the z-lepton polarization in the charged-current-
induced v, (7,) deep inelastic scattering on nuclear targets.
Since the energy and angular distributions of the z-lepton
decay products are sensitive to the polarization of the
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produced 7 particles, we have studied in detail the non-
vanishing components of the z-lepton polarization and the
effect of the nuclear medium on these components.
Assuming time-reversal invariance, only the longitudinal
(P;) and transverse (Pr) components of polarization are
nonvanishing, and the component perpendicular to the
reaction plane (Pp) vanishes. The nuclear medium effects
on the polarization components P; and P; have been
studied using the methods applied earlier to study the
nuclear medium effects in the calculations of differential
and total cross sections in the DIS processes induced by
v, (0,) and v, (7,) on various nuclei [42,79-82]. All the
numerical calculations for scattering cross sections and
polarization components are performed by considering the
kinematic limits of W > 2 GeV and Q? > 1 GeV?, which
at present are generally taken to be the limits of the true
DIS region [83]. The concerned energy region is also
sensitive to the promising DUNE experiment, which is
expected to observe significant v, events. The liquid argon
time projection chamber [21] has been recently considered
to be the most promising detector to observe neutrino
events; therefore, we have performed the present calcu-
lations for the °Ar nucleus, treating it to be an isoscalar
nuclear target. The scattering cross section and the
polarization observables P; and Py are expressed in
terms of the nuclear structure functions Fiy(x, Q?);
(i = 1-5). These nuclear structure functions are a con-
volution of the nucleon spectral function and the nucleon
structure functions F;y(x, Q?); (i = 1-5). Various pertur-
bative and nonperturbative effects which modify the
nucleon structure functions are taken into account in
the different regions of x and Q. The special features
of this work are

(1) The nucleon structure functions are calculated at
NLO, and the Q? evolution of parton densities is
performed by using the formalism developed in
Refs. [41,84] in calculating the structure functions
beyond the leading order.

(2) TMC in evaluating the nucleon structure functions
has been taken into account following the works of
Kretzer et al. [85].

(3) These nucleon structure functions have been used to
calculate the nuclear structure functions.

(4) The effects of the nuclear medium have been studied
in a microscopic field theoretical model that uses
relativistic nucleon spectral functions incorporating
the effects of Fermi motion, binding energy, and
nucleon correlations [86]. The nucleon spectral
function describes the energy and momentum dis-
tribution of the nucleons in the nucleus and is
obtained by using the Lehmann representation for
the relativistic nucleon propagator, and nuclear
many-body theory is used to calculate it for an
interacting Fermi sea in the nuclear medium [86,87].

The numerical calculations are performed in the
local density approximation, where density is a
function of the point of the interaction 7 for a given
volume element.

In Sec. II, we present the formalism for the unpolarized
and polarized 7 lepton in the charged current v, /D -induced
DIS processes off the free nucleon (N) and the nuclear (A)
targets. In Sec. III, the results are presented, followed by
discussions and conclusions.

II. FORMALISM

A. v, —N DIS: Unpolarized z lepton

The charged current v, /D, — N deep inelastic scattering
process depicted in Fig. 1 is

ve/Ve(k) + N(p) = 7 /7" (K') + X (p'), (1)

where inside the parenthesis, the four-momenta of the
corresponding particles are written. In the laboratory frame,
where the target nucleon is at rest, the four-momenta are
written as

K = (K,k) = (E,.0,0,E, ),
) = (E,.|K|sin 8,0, |K'| cos 0),
p” = (po’l_i) = (MN,O,O,O),
where |K'| = \/EZ — m2, and m, is the outgoing 7 lepton
mass. The expression of the differential scattering cross

section for the unpolarized z-lepton production is given
by [38]

oy G|k |
— L, W 2)
2.0 Huv 't N>
dE.dcosf 27E, (1 + [S_%V)
with  four-momentum transfer square Q% = —¢°> =

(k—K')?. G is the Fermi coupling constant, and My, is
the mass of the intermediate vector W boson. W4/ is the
nucleon hadronic tensor given by [41]

/THE)

FIG. 1. Feynman diagram for the v,/r,-induced DIS process
off a free nucleon target (N).

073001-3



F. ZAIDI, M. SAJJAD ATHAR, and S. K. SINGH

PHYS. REV. D 108, 073001 (2023)

P'p*

q"q"

v i vpo
WI;V - _g’l WlN(V QZ) Mz WZN(V Q ) M12v e p/)qth?aN(y’ QZ) M2 (V Q )
r'q" + 4" p* i(p'q" —q"p*
+ ( e ) Wsn(v, Q%) + ( JYE ) Wen (v, 02). (3)
N N
and the unpolarized leptonic tensor L, is given by [41]
L,, = 8(k,k, + kk, —k-k'g,, £ i€,k k), (4)

[T L

where the “+” sign is for antineutrinos and the

sign is for neutrinos. Using Egs. (3) and (4) in Eq. (2), we obtain the

following expression of the unpolarized double differential scattering cross section:

deN -
dE.dcos6

GH[K|
0*\2

+ Way (v, 0%) 7 — (|k|2+E E, -

m2
-W v, Q2 T:|’
SRR

with the upper sign for neutrinos and the lower sign for
antineutrinos. The contribution of the term with
Wen (v, Q%) vanishes when contracted with the leptonic
tensor L,,. When Q? and v become large, the structure
functlons W,N(y Q?); (i = 1-5) are generally expressed in
terms of the dimensionless nucleon structure functions
Fin(x), i =1-5 as

2

Fiy(x) = Wiy(v, 0%); Foy(x) = a8 Woy (v, 0%);

Faylo) = o Wan(0. 0%), (©
Q2 Q2

Fun(x)= 2M2 —— Wiy (v, 0%); Fsy(x)= b MZ Wsy (v, 0%).

(7)

We observe that the scattering cross section [Eq. (5)]
obtained using the aforementioned relations does not
satisfy the positivity condition in the neighborhood of
the threshold region. Therefore, we made the following
modification in the Fy(x) structure function in order to
ensure the positivity constraints as a result of which the
allowed kinematic region for the z-lepton polarization gets
reduced [53,66]:

~ (E,, + E)IR | cos0) + Wan(v. 0%) -

[zww(v, 02)(E, — |K'| cos 8) + Wy (v, Q¥)(E, + K| cos 6)

2
T

*(E, — |K'| cos 0)
N

Win(v, 0%)
Fin(x) = ———4—. (8)

(1+5%)
In the above expressions, x(= %) is the Bjorken scaling
variable which lies in the range of ﬁ <x<1,and
v=yE, =E, —E, is the energy transfer. In Fig. 2,

we have shown the allowed kinematic region in the
l?| sin 9” plane (left panel), the “Bjorken
inelasticity y” plane (middle panel), and the
“W»-“Q%” plane (right panel), at E, =10 GeV. It may
be noticed that the kinematic region witha W > 2 GeV cutis
much suppressed as compared to the case when a cut of
W > 1.4 GeV is applied. The existing ambiguity in the
choice of center-of-mass energy cut in the literature needs
more attention from the particle physics community and has
been recently discussed in Ref. [83]. We have considered the
region of Q> > 1 GeV? and W > 2 GeV to be the region of
true DIS events and apply these constrains in the numerical
calculations. It must be noticed that for the true DIS events,
we could not dig out the information from the regions of low
as well as high values of x and y; only the intermediate region
of scaling variables [0.2 < (x,y) < 0.8] is accessible at the
chosen value of v, energies in the present work.

Using the relations given in Egs. (6) and (7) in Eq. (5),
we obtain the differential scattering cross section in terms
of the dimensionless nucleon structure functions:

« 7! cos 979 113

” 113
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D R T A AR [ IS
L i i { | E=10Ge |
© 0°< 0< 20° EV=10 GeV EV=10 GeV Q2> 1G Vz 0° <6 <20°
i ; b i 2 2 b =14Qe " sU =
L+ Q%I GeVEW214GeV Q2 1GeV | L Q>1GeV 1 T %‘ o Q1 GeV: W >1.4GeV
I 1 08« Q%1 GeV?, W14 GeV 2 ??!‘ © 0°<0<16° .
15 T T ¢ o’<e<20° - ! 1
i 1 " - 0°<0<16° i ]
L 1 06 - .
2 [ 10 S ]
1k 4. |
oL i L o o B
- 1 04t I _|

XX *x g/ T - g
" i
Q!l i = o ‘"i‘ ‘ - PY I -
Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il 0 Il e=0 \ i Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
0.2 0.4 0.6 0.8 1 1 1.5 2 2.5 3
k' cos0 X W (GeV)

FIG. 2. Kinematically allowed region for the v, — N induced DIS process at E, = 10 GeV with different constraints on center-of-
mass energy W—i.e., W > 1.4 GeV and W > 2 GeV. Diamond-shaped points correspond to the region where 0? < 1 GeV?.

dzUN G%’"V_é/l > M =
= 2F y(x, Q*)(E, — |K'| cos 0) + Foy(x, 0*) = (E, + |K'| cos @
dE.d cos 0 zﬂMN(1+13_22)2[ (% Q) (E: — [k'| cos 0) + Fay(x, 0%) P (E; + [k'| cos 0)
1, - . > .
+ Fyy(x.0)) = (K| + E, E, — (E,, + E,)|F| cos0) + Fyn(x, 0*) ——(E, — |F'| cos 0)
v ! ‘ l/MN.x
2m?
— Fsy(x,0%) } . )

The dimensionless nucleon structure functions are written in terms of the parton distribution functions ¢;(x) and g;(x) at the
leading order as

Foy(x) = Zx[%(x) +gi(x)]; xF3y(x) = ZX[CIi(X) - gi(x)]; Fuy(x) = 0. (10)

For an isoscalar nucleon target, F,y(x) and F3y(x) in the four-flavor scheme are given by

Foy (%) = x[u(x) +d(x) +i(x) +d(x) +2s(x) +22(x)], FZ}v(x) = x[u(x) +d(x) +i(x) +d(x) +25(x) +2¢(x)],
x5, (x) = x[u(x) +d(x) = it(x) = d(x) +25(x) =22 (x)],  xF3(x) = x[u(x) +d(x) = i(x) — d(x) = 25(x) +2¢(x)].

We have treated all the four flavors of quarks to be  As the kinematic region of the low and moderate Q?, the
massless, as we have found that the effect of the massive  region of our particular interest is sensitive to the pertur-

charm quark is very small in the present kinematic region. bative and nonperturbative QCD corrections, such as the
These details have already been discussed in Refs. [41,42].  evolution of parton densities beyond the leading order and
To define the structure functions Fy(x) and Fsy(x) atthe  the TMC effect, respectively; these effects have been
leading order, we use Callan-Gross [89] and Albright-  taken into account while evaluating the nucleon structure
Jarlskog [64] relations, respectively, as functions [41]. We have used the Martin-Motylinski-
Harland-Lang-Thorne (MMHT) parton distribution

Fiy(x) = Foy(x) : Fon(x) = Foy(x) ' functions (PDFs) parametrization [90] up to NLO in the

2x 2x four-flavor (u, d, s, and ¢) minimal subtraction (MSbar)
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scheme. Furthermore, target mass correction effect has
been incorporated following Refs. [41,85].

For the polarized tau lepton, the hadronic current
remains the same, while the leptonic current gets modified
(see Fig. 1). In the next section, we present the formalism
for the production of polarized 7 leptons in the charged-
current-induced v, /0, — N DIS processes.

B. v, — N DIS: Polarized 7 lepton

In the case of a polarized =¥ lepton (as depicted in
Fig. 3), the leptonic tensor modifies to [77]

Luls:h) =5

- kagm/ + ieﬂvaﬂkﬁ)]v (1 1)

L;w F hmrsa(kygua + kbg;wc

where 1 = 41 is the helicity, s* is the spin four-vector, the
upper sign is for neutrinos, and the lower sign is for
antineutrinos. We choose the axis of quantization specified
by the unit vector 7 in the rest frame of the 7z lepton

[k = (K°,0)] and define s in this frame as follows:
5% = (0,7). (12)

However, in any other frame, it is given by [77]
7h von
Sa - < " 5 ﬁ + - ( n) > )
mT

m; (E; + m;)
following the scalar product invariance and ensuring that
s> = —1 and s - K = 0. Using these expressions, we have
obtained the polarized double differential scattering cross
section as

(13)

X -
d>o%y G2|K|

dE,dcosO 27E, (1 _,_13_22)

Ly (ssh)Wi . (14)

After contracting the polarized leptonic tensor given in
Eq. (11) with the hadronic tensor [Eq. (3)], we get [77,78]

dzaf\?l d*oy
——— = (1 £ hs"PY) ————, 15
dE.dcos0 ( P )dETdCOSQ (15)

where the upper sign stands for neutrinos, the lower sign is
for the antineutrino-induced processes, and P* is the
polarization vector of the final-state charged lepton that
is obtained by taking the nucleon response [77,78]:

mr(kygua + kvg/m -
L

kag/w + ieﬂyaﬂkﬂ)wlll\;/

P = + w
Wy

(16)

Hv

Yy

FIG. 3. Momentum and polarization directions of the produced
7 lepton. The orthogonal unit vectors 7, #;, and 7, correspond to
the longitudinal, transverse, and perpendicular directions, re-
spectively, with respect to the z-lepton momentum.

The polarization vector is decomposed into longitudinal (in
the direction to the outgoing z-lepton momentum 1?),
perpendicular (in the orthogonal direction to the v, —7
plane) and transverse (transverse to K and in the v, —1T
plane) components as

Pa == —( PLn‘;’ + PTnttx + PPnZ ), (17)
—— N ——

longitudinal ~ transverse

perpendicular

where n¢; (i = [, t, p) are the orthogonal basis of the four-
vector Minkowski space, and are defined as

K| EX k

nla — <| | , T.), )7 n? — (0’(_)X7
me m|k| |(k x

np = (0,@) (18)

Thus, the different polarization components are obtained as

P ==P%n}, Pr=-P%nl Pp=-P%n% (19)

We find that P* - n = 0, which implies that the perpen-
dicular component (Pp) does not contribute, as the polari-
zation three-vector lies in the direction perpendicular to the
7-lepton scattering plane. However, on simplification of the

above expression in the laboratory frame, we obtain [53,78]
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E, m?
PL=F (2P0 02 = P, 0%) ) (R = Brcos0) + Fan(x.0%) 22 (] + Ezcos0)
N
F - - 2
iw (|k/|(El,1 +E) - (K> + E, E,)cos6) — ;m% cos OF sy (x, Q%) |, (20)
m. sin OF M E m?2

Pp=F —— % 2F 2 _F NNy ¥ 2 F 2 21
= T (2P0, 0%) = Fan(. 0 M £ T Py (5.07) = P, 00) + 2 Py 0% (21

where the upper sign corresponds to the case of neutrinos
and the lower sign corresponds to the antineutrino case. It
may be noticed that the polarization components depend
upon the lepton kinematic variables—i.e., the lepton energy
E. and scattering angle #—as well as upon the dimension-
less nucleon structure functions, Fiy(x, Q%); (i = 1-5),
and thus exhibit the particular sensitivities to the different
elements used in the scattering cross section models. The
degree of polarization P, a Lorentz-invariant quantity, is
given by [53]

P2=(P; +P}) = P=/P; +P;<1.

For a fully polarized 7 lepton, P = 1, while in the case of
the partially polarized 7z lepton, the degree of polarization
lies in the range of 0 < P < 1, and for the unpolarized =
lepton, the degree of polarization is zero. To specify the
direction of polarization, we define the spin polarization
vector in the rest frame of the 7z lepton as [53]

(22)

P(sin@p cos ¢p, sinOp sin ¢p, cos Op),

(23)

5= (8,8, 8,) =

where the z axis is taken along the direction of tauon
momentum, p is the polar angle, and ¢p is the azimuthal
angle of the spin polarization vector. ¢»p» may have values of
|

PhPh
My

Wsy(v, Q%) +

W = —g¢“Wi,(v. 0%) +

(Pha” + a'py)

+
M,

i(pha” — 4" p4)
M3,

either 0 or z# corresponding to K, constraining that the
polarization vector always remains in the scattering plane.
Hence, the direction of polarization is determined by the
polar component of the normalized polarization vector—
re. [53],

A

.y (24)

Op =—
cosfp = p

C. v, —A DIS: Nuclear medium effects

The differential scattering cross section for the charged-
current-inclusive v,/0, nucleus deep inelastic scattering
process (depicted in Fig. 4),

ve/Ue(k) + A(pa) = 7 /2 (K) + X(P)).  (25)
is given by
& G|k
04 _ F| | . ”UW/X/’ (26)
dE.dcosf 27E, (1 + ]32 )2

where W#" is the nuclear hadronic tensor and is expressed
in terms of the dimensionless nuclear structure functions
Fiu(x); (i =1-5) as

i q"q"
Wau(v, Q%) — WGWMPA,;%WM (v.0%) + W Waa(v. %)

N N

Weal(v, QZ)' (27)

Following the same analogy as that for a free nucleon target, we have obtained the following expression of the double
differential scattering cross section for the nucleons bound inside a nuclear target:

foy  GER|
dE.dcosd  27M (1 _|_13_22)2
w

2F1A(x7 Qz)(

1,5
j:F3A(x’Q2);(|k |2+EufE7_

|k |cos@)+ Fau(x, Q2)

(E,, +E;)[K|cos0) + Fan(x,

N (E.+|K |cosb)

2 2
m - 2m
* (E,—|k 0)—F ,0? u
MNx( . —|k'|cos®) —Fs,(x,0°) B

(28)
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FIG. 4. Feynman diagram for the v,/7,-induced DIS process
off a nuclear target (A).

In the present work, we consider the scattering process in
the laboratory frame, where the target nucleus is at rest—
ie, py = (p%, Ppa = 0)—and the momentum of the nu-
cleon (py) in the nucleus is nonzero, and the motion of
such nucleons corresponds to the Fermi motion. In the local
density approximation, the lepton scatters from a bound
nucleon having density py(r) and the corresponding Fermi
momentum pr, (r) = (37%py(r))"/3. The local density
pn(r) of protons or neutrons bound inside the nucleus is
given by p,,(r) = £p(r) and p,(r) = 432 p(r), where p(r)
is the nuclear density which is calculated by using the
parametrization of 2pF density—i.e., p(r) = m o
is the central density, and c¢; and c¢, are the density
parameters which are determined through the electron
scattering experiments [91,92]. The details can be found
in Ref. [81]. The differential cross section (do,) forv, /v, —
A scattering is obtained by folding the v, /D, — N scattering
cross section (doy) with py(r) and integrating over the
volume element:

do, = /d3rpN(r)d0'N. (29)

In the case of symmetric nuclear matter, each nucleon
occupies a volume of (2z#)3, and due to the two possible
spin orientations of the nucleon, each unit cell in the
configuration space is occupied by the two nucleons.
Hence, the number of nucleons for a given volume
(A = 1 in natural units) is

Pry dSPN - -
N =4V 1), 30
| Gy 7) (30)
N pey d*py
N :—:4 s N 31
p=y=d [ B, O

where n(py, 7) = 0(pr, (F) — |pyl|) is the occupatlon num-
ber of the initial nucleon carrying momentum py, and it has
dependence on the radial coordinates due to the Fermi

momentum pp (r). The occupation number corresponding
to the nucleon within the Fermi sea fulfills the following
condition:

- 1 for py < pp,
n = .
(Pw) 0 for py > ﬁFN

We have chosen the four-momentum transfer along the z
axis; therefore, ¢ = (¢°, 0,0, ¢°), and the Bjorken variable
xy corresponding to the nucleon bound inside a nucleus is
then expressed as

(32)

0? 0?
N opn g 200%4° - Pidd) )

The Bjorken variable for the nuclear target x4 is given by

0’ 0’ 0’

X
X, = = = =
AT 2paq 2p5¢°  2AMyg° A

(34)

The nucleons inside a nuclear target interact among
themselves via the strong interaction; hence, various
nuclear medium effects come into play depending upon
the value of the Bjorken variable x. Nuclear effects such as
Fermi motion, binding, and nucleon correlations have been
taken into account for an inclusive process by using the
hole spectral function (S,) calculated in a microscopic field
theoretical model [86,87]. The hole spectral function is
properly normalized and has been checked by obtaining the
correct baryon number (A) and nuclear binding energy for a
given nuclear target [79,93]:

o8]

where p is the chemical potential and @ is the removal
energy [87]. We have obtained the differential scattering
cross section in terms of the hole spectral function
as [42,81]

(@, py,p(r))dw = A,  (35)

d*o, _ G%|k| / /d PN My
dE.dcos® 2zE, (14 Q2 2 L (27)3 E(py)

s > v
X/ dp{Su(pR- Bn-p(r))WH (py. ).

(36)

Comparing Egs. (26) and (36), we obtain the nuclear
hadronic tensor W%" in terms of the nucleonic tensor
W4 convoluted over the hole spectral function S, [42]:

Wﬁ”:4/d3r/d3pN el
(27)* E(p)

H g v
X/ dpSi(p. By p(r))Wy (py-q).  (37)
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where the factor of 4 is because of the spin-isospin degrees
of freedom of the nucleon for an isoscalar nuclear target.
We take the appropriate components of the nucleon [W4 in
Eq. (3)] and the nuclear [W%” in Eq. (27)] hadronic tensors
along the x, y, and z axes and obtained the expressions for
the nuclear structure functions as [42]

de MN
lA xAv _4
)} En(Pn)

x / dp0sh<p?v,ﬁ1v,p<r>> X iy (06, 0%);
i=1-5, (38)

where

Jin(x,0%) =AMy {M+ (ﬁ)zw]

My My Uy
(39)
_ (Foy(xy. 0%)
Jan(x. Q%) = (W)
4 07,0 _ z 2
% {qo(Qq) <pN+¢I (PNQ2 J’PN)qZ>
0N2( X \2
+ Q(Q*SI;N) } (40)

0 0 .z __ 2,0
Fan(x, 02 =A% x (M)Fw(xN,QZ), (41)

q° PN 4

z N2 2
Jan(x, Q) = A|:F4N(xNv 0?%) —l—pNZQ Fsy(x, 0°)
q MNZ/N

| @

Fsy(xy, 0 7 ;
Fonlx, @) = T30 20 [qo(pﬁ’v —rpi) + Qzl;—’zv],

Myvy
(43)

and y = %

The nucleons which are bound inside the nucleus interact
with each other via meson exchange such as z, p, etc. The
interaction of the intermediate vector boson (IVB) with the
mesons plays an important role in the evaluation of nuclear
structure functions [42,79,88,93-95]. In the low region
of x, the contribution from shadowing (0 < x < 0.1)
and antishadowing (0.1 < x < 0.2) effects is important.
However, in the present kinematic region of x and Q?, we
have found that the mesonic contribution and the (anti)
shadowing effect are almost negligible; therefore, we have
not included these effects while presenting the results. It
must be pointed out that in our earlier studies, we have
observed the nonisoscalarity corrections in argon to be very
small in the kinematic region of present interest [42,80-82].

All the numerical results are obtained in the energy range of
6 < E, <20 GeV by taking into account the target mass-
correction effect at the next-to-leading order in the kin-
ematic region of Q> > 1 GeV?. To understand the effect
of the center-of-mass energy cut, we have obtained the
results in various kinematic regions using different cuts on
W—ie., W>14 GeV, W > 1.6 GeV, and W > 2 GeV.

III. DISCUSSION OF RESULTS
AND CONCLUSIONS

In this section, we present the results for the z-lepton
production cross section by using Egs. (9) and (28), as well
as its polarization observables, such as the degree of
polarization (P), longitudinally (P;) and transversely (Py)
polarized components, and the direction of the polarization
vector as defined through Egs. (20)-(24).

A. Free nucleon

1. Neutrino-induced reactions

In Fig. 5, we present the numerical results for various
observables in the case of the charged current v, -nucleon
DIS process at different values of the incoming neutrino
energies, viz. E, = 6, 10, and 20 GeV. In this figure, the
results for the double differential scattering cross section

% (top panel), the degree of polarization P (middle

panel), and the polar component of the normalized polari-

zation vector cos@p (bottom panel), vs the final-state

charged lepton energy (E,), are presented at different

values of lepton scattering angle 6 in the laboratory frame

viz. 0 = 0°,2.5° 5° and 10°. The results presented in this

figure describe the angular and energy dependence of the

above observables and the impact of applying different

kinematic cuts on the c.m. energy W. In the following, we

present our results for each of the above observables in the
case of neutrino reactions.

(1) Differential cross section:

(a) With the increase in neutrino energy, the deep

inelastic cross section spans over a wide lepton

energy range but has a smaller magnitude at a

given lepton energy E,, as compared to the

results obtained at the lower neutrino energies.

This result is applicable for all angles in the

range of 0° < 0 < 10° studied in this work, but

the reduction is smaller with the increase in 6.

For example, at a fixed z-lepton energy of E, =

4 GeV and 6 = 2.5°, the reduction in the cross

section at E, =10 GeV is around 28% as

compared to the cross section at £, = 6 GeV.

This reduction is observed to be 15% at 0 = 10°.

(b) For a fixed neutrino energy, the z-lepton pro-

duction cross section increases with z-lepton

energy E, for a given scattering angle. For

example, at £, = 10 GeV and scattering angle
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(i) Top panels: the differential scattering cross section, (ii) Middle panels: the degree of polarization (P), and (iii) Bottom

panels: the polar component of the normalized polarization vector, vs the outgoing charged lepton energy (E,), at the different values of
incoming neutrino energy—i.e., £, = 6 GeV, 10 GeV, and 20 GeV. The numerical results for v, — N are obtained with target mass
correction effect at the next-to-leading order. These results are obtained for W > 1.4 GeV and W > 2 GeV cut on the center-of-mass

energy.

(©)

0 = 5°, the cross section increases with the
7-lepton energy by 70% when we move from
E.=4GeV to E, =6 GeV.

As far as the angular dependence is concerned,
for a fixed neutrino energy and for a fixed
7-lepton energy, the cross section decreases as
we increase the scattering angle. For example, at
E, =10GeV and E, =4 GeV, there is a
reduction in the cross section of about 8% as
we move from 6 = 0° to 6 = 5°.

(d) Furthermore, it may also be observed from the

figure that due to the kinematical constraint on
the c.m. energy, at £, = 10 GeV, the z-lepton
production cross section with W > 2 GeV (solid
line) gets kinematically restricted in z-lepton
energy as compared to the cross section with
W > 1.4 GeV (dotted line). For example, at
6 = 5° the kinematically allowed region for
7-lepton energy is 2.3 < E, < 8.8 GeV for
W > 1.4 GeV, which reduces to 2.6 <E, <
7.4 GeV when a cut of W > 2 GeV is applied.

(2) Degree of polarization (P):

(a)

The degree of polarization (P) of the final-state
charged lepton (shown in the middle panels)
deviates from unity for (a) the lower neutrino

073001-10

energies, (b) the higher-energy values of the
produced 7 lepton, and (c¢) small scattering
angles, implying that the produced 7 lepton is
partially polarized in this kinematic region.

(b) For a given lepton energy E, the degree

(©)

of polarization increases with the neutrino en-
ergy E, . Quantitatively, for £, = 10 GeV and
0 = 0°(5°), the deviation from unity is about
3% (4%) at E, =4 GeV; however, for
E, =20 GeV, the outgoing lepton is almost
polarized with a deviation of 1%-3% for all the
scattering angles considered here.

For a given neutrino energy E, , the degree of
polarization decreases with the increase in
z-lepton energy—say, at £, =6GeV and 6 = 0°,
the deviation of P from unity is 7% for
E. =3 GeV and 25% for E, = 4 GeV.

(d) For a given neutrino energy E, and lepton

energy E,, the degree of polarization increases
with the lab scattering angle 6. For example, at
E, =6 GeV and E; = 3 GeV, the deviation of
the degree of polarization from unity is found to
be 7% for the forward-scattering angle 6 = 0°;
however, for @ = 5°, it decreases to 6% and
becomes 4% for 6 = 10°.
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(3) Polar component of normalized polarization vec-
tor (cos@p):

(a) The value of the polar component of the nor-
malized polarization vector is cos 8p = +1 at the
forward-scattering angle for the entire range of
E.. Atthe nonzero values of the lepton scattering
angle, 6 (considered here), cos @p is negative in
the higher-energy range of the charged lepton
(E,), while for the lower-energy range, the
polarization vector changes its direction and
cos fp possesses positive values.

(b) For a given value of E, and 0, cos0p increases
with the increase in neutrino energy, quantita-
tively; at £, =4 GeV and 6 = 5°, it is found
to be 15% higher for £, = 10 GeV as compared
to the case of £, =6 GeV as shown in the
figure.

We have found that the qualitative behavior of these results
is similar to the results reported by Hagiwara et al. [53,54],
Aoki et al. [55], and Graczyk [65]. However, quantitatively,
there are some differences due to the use of different PDFs,
Q? evolution, and the cuts of c.m. energy W.

2. Antineutrino-induced reactions

In Fig. 6, the corresponding results are shown for the
U, — N induced 7"-lepton production processes, at the

different values of E,_ viz. 8 GeV (dashed line), 10 GeV

(solid line), and 20 GeV (dash-dotted line) for the kin-

ematical conditions similar to the case of the charged

current v, — N DIS process (Fig. 5). These results are
obtained by applying a cut of 2 GeV on W. These results for
the antineutrino-nucleon interaction are discussed below.

(1) Differential cross section:

The qualitative behavior of the scattering cross
section is similar for both v, — N and v, — N DIS
processes, while quantitatively the z'-lepton pro-
duction cross sections are smaller as compared to the
case of z7-lepton production. For example, at the
fixed values of £, = 10 GeV and E, = 6 GeV, this
suppression is found to be about 82% at § = 0°, 80%
at @ = 2.5° and 70% at 6 = 10°.

Degree of polarization (P):

(a) Theresults obtained for the degree of polarization
for the 7" lepton are different from the corre-
sponding results for the 7~ -lepton polarization. It
may be noticed from the figure that at the lower
values of E_, the outgoing =" lepton possesses a
good strength of the degree of polarization P. As
we move toward the higher values of E_, the value
of P gets reduced until it approaches the mini-
mum, at which 7" is likely to be less polarized.
However, with further increase in E,, the degree

2
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FIG. 6. (i) Top panels: the differential scattering cross section, (ii) Middle panels: the degree of polarization (P), and (iii) Bottom

panel: the polar component of the normalized polarization vector, vs the outgoing charged lepton energy (E,), at the different values of
incoming neutrino energy—i.e., £, = 8 GeV, 10 GeV, and 20 GeV. The numerical results for 7, — N are obtained with the target mass

correction effect at the next-to-leading order. These results are obtained for W > 2 GeV cuts on the center-of-mass energy.
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of polarization increases again. We find that at the
forward scattering angle—i.e., 8 = 0°—and at
E, = 10 GeV, the produced 7" lepton possesses
about 46% of the degree of polarization at
E. =3 GeV, which reduces to 11% at
E, =6 GeV; and at E, =7 GeV, 7+ becomes
almost unpolarized, as the value of P is negli-
gible here.

(b) We also observe that with the increase in the

(©)

neutrino beam energy, the degree of polarization
increases—e.g., at £, = 6 GeV and at § = 2.5°,
itis found to be 36% for £, = 10 GeV and 75%
for E, =20 GeV.

For a given value of neutrino energy and the
z-lepton energy, the degree of polarization in-
creases with the increase in the lepton scattering
angles. Quantitatively, for E, = 10 GeV and
E. = 6 GeV, the degree of polarization of the 7+
lepton is 36% at O = 2.5°, 67% at § = 5°, and
90% at 0 = 10°.

(3) Polar component of normalized polarization vec-
tor (cos8p):
(a) A comparison with Fig. 5 shows that the

direction of the polarization vector for the z*
lepton is opposite to that for the 7~ lepton.

(b) The polarization vector of the produced

FIG. 7.

lepton has negative values of cos@p (implying
the 7 lepton to be almost left-handed) when the

(©)

charged lepton energy is low, while for the high-
energy values, the direction of the polarization
vector gets flipped (cos@p > 0).

For a given neutrino energy E, and charged
lepton energy E,, the value of cos@p increases
with the increase of the scattering angle. Quan-
titatively, at E, = 10 GeV and E, =5 GeV,
there is an increase of about 77% in the value
of cos@p at § =5° and ~81% at 8 = 10°, as
compared to the case of 0 = 2.5°.

We observe that qualitatively, our results for o, -induced
processes also show similar behavior to the corresponding
results reported by Hagiwara et al. [53,54], although the
quantitative difference is more pronounced in this case as
compared to the case of v, — N DIS discussed earlier in

the text.

3. Polarization components Py (7~ ) and Py r(t*)

We explicitly present the results for P; (top panel) and
P (bottom panel) vs E, in Fig. 7 for various angles € in the
range of 0° < € < 10°. These results are presented for both
the 7= and 7+ leptons produced in the v,- and U -induced

DIS processes,

respectively, at E, =10 GeV and

E, =20 GeV, in order to show the energy dependence.
(1) Longitudinal polarization component P; :

(a)

For a given lepton energy E, and 0, the value of
P, (7T) increases with the neutrino energy E, .
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(i) Top panels: the longitudinal component of the polarization vector (P} ) and (iii) Bottom panels: the transverse component of

the polarization vector (Pr), vs the outgoing charged lepton energy (E,), at E, = 10 GeV and E, =20 GeV for v,/v, — N. The
numerical results are obtained with the target mass correction effect at the next-to-leading order by considering W > 2 GeV.
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(b) For a given neutrino energy, the polarization
component P; (z7) is large and positive (almost
-+1) at the smaller z~-lepton energy E,, and it
becomes negative and large (approaching —1)
with the increase in E,. This behavior of P; (77)
to approach the value of —1 at the higher lepton
energies is faster at larger angles.

(c) In the case of " -lepton production, the behavior
of P, (z) is qualitatively similar to the behavior of
7~ -lepton production, except that the sign of
P, (z7) forz* is the opposite of the sign of P; (77)
for 7. Quantitatively, the nature of the energy
dependence with £, and E, and the & dependence
of P;(z7) and Py (z"), are different, especially at
lower scattering angles 6, as shown in the figure.

(2) Transverse polarization component Py:
In the case of the transverse polarization of the

7 lepton,

(a) Py vanishes at § = 0°. With the increase in
scattering angle @, Py for 7~ (¢") increases with
energy E, taking negative (positive) values of
Pr. This increase of P with energy E.-(+
continues until a critical energy ETC,<T+), after

which it decreases. The values of ES and ES
depend upon the incident neutrino energy E,_of
v, and 7. In general, E is different from ES,
for a given energy E, for neutrinos and anti-
neutrinos, as shown in Fig. 7 (lower panels).

(b) The angular dependence of P; on 6 for nonzero
values of @ first increases and then decreases
with the increase in angle 6 in the region of
2.5° < 6 < 10° as shown in the figure.

(c) The nonvanishing values of P; at 6 # 0° de-
crease with the increase of energy E, —for
example, the decrease in Py is about 20% for
E, =20 GeV, as compared to E, = 10 GeV at
6 =2.5°and E, = 6 GeV.

The numerical values of P; and P and their lepton energy,
as well as angular dependences, are qualitatively similar to
the energies and angular dependence of P; and P seen in
the case of quasielastic reactions [58].

B. Nuclear effects in “°Ar

We have taken into account the nuclear medium effects
such as the Fermi motion, the Pauli blocking, and the
nucleon correlations through the nucleon spectral function,
which is properly normalized to the mass number of “°Ar
[using Eq. (35)]. The obtained numerical results are pre-
sented in Figs. 8—11 for z,- and 7,-induced reactions in “°Ar.

1. Neutrino-induced reactions

In Figs. 8 and 9, the results are presented for the
7~-lepton production in the charged current v, —*“°Ar

DIS process for the projectile beam energies of E, =
8 GeV and E, = 10 GeV, respectively. We observe the
following:

(1) Differential cross section:

(a) The effects of the nuclear medium modifications
are larger in the higher region of the z~-lepton
energy and especially at the larger scattering
angles. For example, when the z-lepton energy is
E, =7 GeV and E, = 10 GeV, the differential
cross section gets suppressed due to the nuclear
medium effects, which is approximately a
suppression of 24% at 0 =2.5°, and 36% at
6 =>5°

(b) The nuclear medium effects become smaller
with an increase in neutrino energy, and larger
with an increase in scattering angle 6. For
example, when the neutrino beam energy is
E, =8 GeV, the difference in the results of
the differential cross sections obtained for the
free nucleon target and the argon nuclear target,
due to the nuclear medium modifications at
E. =3 GeV, is found to be 28% (40%), which
becomes 15% (22%) for E, = 10 GeV when
the lepton scattering angle is @ = 0°(5°).

(c) The allowed kinematic region for E, becomes
more restrictive for a higher cut of the c.m.
energy W. Quantitatively, when a W > 1.6 GeV
cut is applied on the differential cross section
obtained for £, =8 GeV at 0 = 2.5° the al-
lowed kinematic region of the z-lepton energy is
29 <E, <6.2 GeV, whichreducesto3 < E, <
5.3 GeV for a cut of W > 2 GeV.

(d) For a given z-lepton energy E,, the differential
cross section for the v, — “°Ar scattering process
reduces due to the nuclear medium effects at
higher values of the cut on the c.m. energy W,
unlike the scattering of v, from a free nucleon
target. For example, the results of the differential
cross section obtained for the “°Ar nuclear target
at E. =3 GeV, with a cut of W > 2 GeV, are
approximately 32% suppressed as compared to
the cross section obtained with a W > 1.6 GeV
cut when the neutrino beam energy is E, =
8 GeV and 0 = 5°.

(2) Degree of polarization (P):

(a) There is very little change in the degree of
polarization due to the nuclear medium effects
at lower z-lepton energies. For example, at
E. <6 GeV, there is an increase of about
1%—2% in the results of argon as compared to
the free nucleon results for all the scattering
angles taken into consideration at £, = 10 GeV.
However, for the higher values of z-lepton
energy—say E, = 7.5 GeV—it is found to be
9% at @ = 0° and 5% at 6 = 2.5°.
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(b) We observe that the effect of the nuclear medium on at £, =5 GeV, the reduction in the differential
the degree of polarization decreases for the larger cross section for argon is found to be 47% at
scattering angles and higher neutrino energies. 0 = 2.5°and 55% at @ = 5°, as compared to the

(3) Direction of polarization vector: case of free nucleons.

It is interesting to note that the effects of the (c) With the increase in E, , the nuclear medium
nuclear medium on the direction of polarization effects get reduced similarly to the case of
vector are very small. The direction of the polari- 7~ -lepton production. Quantitatively, for E, =
zation vector is almost independent of the choice of 10 GeV, there is a reduction of about 30% at
kinematic constraint on the center-of-mass energy. 0 = 0°and 41% at @ = 5°, as compared to the case

of E, =8 GeV when E_ is fixed at 5 GeV.
2. Antineutrino-induced reactions (d) The nuclear medium effects for zT-lepton

production are found to be quantitatively differ-

ent than the case of z7-lepton production. For

example, there is a difference of about 4%—5% at

E, =3 GeV and approximately 3%—4% at
- =5 GeV in the range of 0° <6 < 10°.

(e) The impact of the c.m. energy cut on the
77-lepton production cross section is found to
be qualitatively similar to the case of z~-lepton
production, as stated in Sec. I[II B 1 under item
(1] ).

(2) Degree of polarization (P):

(a) The z* lepton has a comparatively lower degree
of polarization at the moderate values of E,;
however, at the extreme ends, it has a good
strength of P, except at 8 = 0°.

In Figs. 10 and 11, the results are presented for the
U, — “Ar DIS process. In the case of 7*-lepton production
induced by 7,, the nuclear medium effects are found to be
qualitatively similar to the 7~ -lepton production induced by
v,;. However, quantitatively, there are some differences—
for example:

(1) Differential cross section:

(a) We observe that for the projectile beam energy
of E, =8 GeV, due to the nuclear medium
effects, the differential cross section for the
77-lepton production is reduced by about 34%
at @ = 2.5°and 45% at @ = 5°, when E, is fixed
at 3 GeV.

(b) At higher values of E,, the nuclear medium
effects become more pronounced—for example,
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FIG. 10. (i) Top panels: the differential scattering cross section, (ii) Middle panel: the degree of polarization (P), and (iii) Bottom
panels: the polar component of normalized polarization vector vs the outgoing charged lepton energy (E,) at £, = 8 GeV for the
charged current 7, — “°Ar DIS process. Lines in this figure have the same meaning as in Fig. 8.
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FIG. 11. (i) Top panels: the differential scattering cross section, (ii) Middle panels: the degree of polarization (P), and (iii) Bottom

panels: the polar component of normalized polarization vector, vs the outgoing charged lepton energy (E,), at E, = 10 GeV for the
charged current 7, — “°Ar DIS process. Lines in this figure have the same meaning as in Fig. 8.

(b) In the low- and intermediate-energy regions of
the 7 lepton, the degree of polarization in-
creases due to the nuclear medium effects, while
in the higher-energy region of E_, it decreases
for @ # 0". For example, at E, =8 GeV and
0 = 2.5°, the nuclear medium effects on the
degree of polarization are approximately 55%
for E;, =3 GeV and 37% for E, =5 GeV.

(3) Direction of polarization vector:

(a) The value of cos@p for the 7 lepton decreases
due to the nuclear medium effects, except at
6 = 0°. For example, on comparing the results
obtained with a cutof W > 2 GeV at 0 = 0°, we
observe that the value of cos@p remains —1 in
the entire range of £, when 7, interacts with a
nucleon bound inside the argon nuclear target;
however, in the case of a free nucleon target,
cosfp is —1 up to a certain value of E,, after
which the direction of polarization vector gets
flipped and it becomes +1.

(b) It is also noticeable that at @ = 0°, the results
obtained for “°Ar with a lower cut on W—i.e.,
1.6 GeV—also show similar behavior to that
observed in the case of a free nucleon target.

(¢c) The nuclear medium effects on cosfp for
77 -lepton production are found to be larger than
observed in the case of 7~ -lepton production.

Quantitatively, for E, = 10 GeV and 6 = 2.5°,
the nuclear medium effects are approximately
60% larger for the 7+ lepton as compared to the
7~ lepton at E, =4 GeV, and ~20% larger
at £, = 6 GeV.

To conclude, in this work we have studied 7*-lepton
polarization in the presence of nuclear medium effects for
the charged current v, /o, — “°Ar deep inelastic scattering.
This study may be helpful in reducing the existing
systematic uncertainties in the determination of the
(anti)neutrino-nucleon and (anti)neutrino-nucleus scatter-
ing cross sections. Moreover, this work may be useful for
ongoing and upcoming experiments such as FASERu,
SND@LHC, DUNE, and the IceCube upgrade in
estimating the background events in the v, — v, appear-
ance mode, as well as in performing the more precise
measurements of the scattering cross sections. We
plan to study the decay distributions of the polarized
charged 7 leptons and will report them in future

communications.
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