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Tau polarization in neutrino-nucleus interactions at the LHC energy range
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Considering that the study of neutrino-nucleus interactions with incident neutrino energy ranges in the
GeV-TeV range is feasible at the Large Hadron Collider, we investigate in this paper the degree of
polarization P of the (anti)tau lepton produced in (anti)tau neutrino-tungsten interactions. We estimate the
differential cross sections and the longitudinal and transverse components of the tau lepton polarization as a
function of the tau lepton energy and distinct values of the scattering angle, assuming different values for
the energy of the incoming (anti)tau neutrino. Different models for the treatment of the nuclear effects in the
parton distribution functions are assumed as input in the calculations. Our results indicate that P < 1 for the

neutrino energies reached at the LHC and are almost insensitive to the nuclear effects.
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I. INTRODUCTION

Over the last years, tau neutrinos have been detected by
Super-Kamiokande and IceCube observatories, considering
its measurements of atmospheric and astrophysical neu-
trino data (for a recent review see Ref. [1]). In particular, the
astrophysical neutrinos observed in the TeV to PeV energy
range are important tests of Standard Model Physics and
probes of new physics scenarios in an energy range well-
beyond the center-of-mass energies of current terrestrial
experiments. More recently, TeV-energy neutrinos, have
been measured at the Large Hadron Collider (LHC) by the
FASER [2,3] and SND@LHC [4] experiments, and two
orders of magnitude higher statistics are expected during
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the high-luminosity LHC (HL-LHC) era using the detectors
that have been proposed to be housed in the Forward
Physics Facility (FPF) [5,6]. Such future data will allow us
to investigate several aspects of tau neutrino physics in an
unexplored energy range (For related studies, see e.g.,
Refs. [7,8]).

In this paper, we investigate the degree of polarization of
the tau lepton produced in tau neutrino-nucleus (v,A)
interactions at the TeV energy range. Our study is strongly
motivated by the analysis performed in Ref. [9], which has
demonstrated that the produced z’s have high degree of
polarization and their spin direction depends nontrivially on
the energy and the scattering angle of 7 in the laboratory
frame. As the tau immediately decays after its production, it
is detected through its decay particle distributions, which
are strongly dependent on the 7 spin polarization.
Therefore, a precise determination of the degree of polari-
zation is fundamental for the reconstruction of the tau
events. In recent years, some studies have analyzed the tau
polarization in vA interactions considering distinct theo-
retical approaches to treat the contributions associated with
the quasielastic, resonance production and deep inelastic
scattering (DIS) processes [10-12]. Such analyzes have
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focused on the GeV energy range, which will be probed by
the DUNE neutrino oscillation experiment [13,14]. Our
goal is to complement these previous studies, by providing
the predictions for the differential cross sections and the
longitudinal and transverse components of the tau lepton
polarization derived considering v,A interactions in the
TeV energy range that will be probed at the LHC (For
similar studies in the PeV energy see e.g., Refs. [15,16]). In
our analysis, we will estimate these quantities assuming
that the main contribution comes from the DIS process and
taking into account of the nuclear effects in the parton
distribution functions (PDFs). In particular, we will com-
pare the predictions derived using the nCTEQ [17-19] and
EPPS [20] parametrizations with those obtained neglecting
the nuclear effects. Predictions for v,A and 7, A interactions
will be presented considering different energies for the
incoming tau neutrino and distinct scattering angles.
This paper is organized as follows. The next section
presents a brief review of the formalism used to estimate the
differential cross sections and the longitudinal and trans-
verse components of the tau lepton polarization. In Sec. III
we present our results for these quantities considering
different neutrino energies and scattering angles. Finally, in
Sec. IV, we summarize our main results and conclusions.

II. FORMALISM

In our analysis, we will investigate the degree of
polarization P of a tau lepton produced in a charged
current (CC) deep inelastic v,A scattering, represented in
Fig. 1, in the laboratory frame. In this frame, one has that
a tau neutrino with four-momentum k* = (E,,0,0,E,)
collides with the nucleus target of four-momentum
p* = (M4,0,0,0), becoming a tau of four-momentum
K = (E,, |l€'| sin 6,0, \I?| cos ). The interaction is medi-
ated by the W' boson, characterized by a square four-
momentum Q® = —¢*> = (k—k')> and mass My. The
nucleus target becomes an unknown final hadronic state
X with invariant mass p”> = W? = (p + q)*. As usual, the
cross section for this process can be factorized in terms of
the leptonic and hadronic tensors, which describe the upper
and lower parts of the diagram presented in Fig. 1. For a
polarized 7+ lepton, the leptonic tensor is given by [11]

1
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FIG. 1. Production of a tau lepton with momentum k' and

polarization P in a CC deep inelastic v,A scattering.

where

L = 8(k k. + kK, — k- K'g,, =+ i€

Hvpc

kPK?) (2)

and s“ is the tau spin four-vector and 7 = *1 the helicity
(+ for neutrino and — for antineutrino). On the other hand,
the hadronic tensor is expressed in terms of the nuclear
structure functions, F4 = F;(x, 0?), as follows:

Y 2x
Wi = —g“F(x, Q) +@p"p”F§(x, %)
ix Y A 2 2 UV A 2
— ¢ ppan3(x,Q)+@qu4(x,Q)

2
+ Q—ﬁ (p"q” + ¢ p*)F4(x. 0%), (3)

where the Bjorken-x variable is defined by x = Q?/(2p - q).
The polarized double-differential cross section, expressed
in terms of the tau energy E, and the scattering angle 0, is

proportional to L5S'W4* and is given by [11]
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where P* is the tau polarization four-vector and
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with the upper (lower) sign for (anti)neutrinos, m, the mass
of the tau lepton and v = E, — E_.

The polarization vector P# can be decomposed in terms
of a longitudinal P; (in the direction of k'), transverse Py
(transverse to k' and contained in the neutrino—tau lepton
plane) and perpendicular Pp (orthogonal direction to the

|

neutrino-tau lepton plane) components. As demonstrated in
Refs. [9-12], the perpendicular component does not con-
tribute, since the three-vector polarization lies in the
direction perpendicular to the 7z lepton scattering plane.
In the laboratory frame, the relevant components of the
polarization vector are given by [11]

P, = :Ffilwﬂ{ [ZFA(x Q%) = Fi(x, 0%) 7| (] = E,c030) + F4(x, 0%) " A (] = E, cos6)
A 2 . 2
P0G (g, R - (U + BB cos] + ~Fix,0) 2 coso 0
and
m, sin OE, m?2 2E,
PT=¢7LEBMWZD [m(x, Q%) — F4(x, Q2> SEFi(x ,QZ) —Fi(e @) P 00 = (7)

One has that P; is proportional to sinf and m,, then
vanishes for & = 0° and is enhanced for heavier leptons.
Finally, the degree of polarization of the lepton produced is

defined as
P = /P + P}, (8)

which is less than or equal to 1, being 1 when the particle is
completely polarized and O unpolarized.

The main input in the calculations of the tau polarization
are the nuclear structure functions, which can be expressed
in terms of the nuclear parton distributions (nPDF) and are
sensitive to the nuclear effects, with the magnitude of these
effects being dependent on x, Q?, parton specie and atomic
mass number A (For a recent review see Ref. [21]). Over the
last years, several groups have proposed parameterizations
for these distributions, which are based on different assump-
tions and techniques to perform a global fit of different sets
of data using the DGLAP evolution equations [22]. In our
study, we will consider the nCTEQ15 [17-19] and EPPS21
[20] parametrizations, which make use of the Hessian
method for the treatment of the propagation of experimental
uncertainties into the nPDFs but differ in the assumptions for
the initial condition of the DGLAP evolution equation as
well as in the datasets used in the global fit. While in the
nCTEQ15 framework, the nuclear PDFs are parametrized as
the nucleon one, with the A dependence included in the
coefficients of the parametrization, in the EPPS one, the
nuclear effects are parametrized in a nuclear ratio in order to
reduce the dependence on free proton PDFs. As shown in
Ref. [21], both parametrizations provide a very good
description of the current data for the observables measured
in lepton—nucleus and proton—nucleus collisions. For
completeness, we will compare the nCTEQ and EPPS

|

predictions with those derived neglecting the nuclear effects.
Additionally, in our analysis, we will assume the validity of
the Callan-Gross and Albright-Jarlskog relations, which
allow us to write F{ and F4 in terms of F4, respectively.

III. RESULTS

In this section, we will present our results for the total
and differential cross sections as well as for the longitudinal
and transverse polarizations components considering the
interaction of tau neutrinos and antineutrinos with a nuclear
target. Motivated by the recent results obtained by the
FASERv experiment [3], we will assume a tungsten target
(W, with A = 184). Initially, in Fig. 2 (left panel), we
present our predictions for the dependence of the total
neutrino-tungsten cross section per nucleon on the energy
of the incoming tau neutrino, derived considering different
parametrizations for the nPDFs. The corresponding pre-
dictions for the 7, W cross section are presented in the right
panel, assuming a distinct set of colors for the different
predictions in comparison with those used in the left panel,
in order to help to distinguish the results for v, W from those
for v,W in what follows. Our predictions are derived
assuming the nCTEQI15 and EPPS21 parametrizations
for the nuclear PDFs. For the nCTEQIS5 case, we present
the associated uncertainty band. For the EPPS21 case,
which parametrizes the ratios between nuclear and proton
PDFs, R;(x,0%) = f4(x,0%)/IAf?(x,Q?%)], we assume
that the proton PDF is described by the CT14 parametriza-
tion [23] and present only the central prediction. In
addition, we also present the results derived neglecting
the nuclear effects, which were calculated assuming
R;(x,0%) =1 (Vi) and are denoted CT14 hereafter. In
the bottom panels of Fig. 2 we show the ratio between the
cross sections with nuclear effects and those for a free
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FIG. 2. Predictions for the dependence of the v, W (left panel) and v, W (right panel) cross sections on the energy of the incoming tau
neutrino. Results derived assuming different parametrizations for the nPDFs. The predictions for the ratio between the nuclear and

nucleon cross sections are presented in the bottom panels.

nucleon. One has that 6, > o5 w in the energy range
considered and that the associated uncertainties vary
between 5% and 10% of the total cross section for the
range 10°-10* GeV of incident tau neutrino energy.
Moreover, the EPPS21 prediction for the v, W cross section
is contained in the uncertainty band of the results obtained
with nCTEQ1S5 parametrization. In contrast, for the v, W
cross section, the EPPS21 central prediction implies a
smaller cross section than the nCTEQ15 band, which is
associated with the larger amount of shadowing predicted
by this parametrization in comparison with the nCTEQ15

one. However, one has verified that if the uncertainties on
the EPPS21 parametrization are taken into account, the
associated band overlaps with the nCTEQ15 one.

In Figs. 3 and 4 our predictions for the double differential
v, W (upper panels) and v,W (lower panels) cross sections
as a function of the tau lepton energy for different values of
the angle @, which is defined as the scattering angle of tau
in the laboratory frame in relation to the incoming tau
(anti)neutrino axis. Results derived assuming different
nPDFS and that the energy of the incoming tau (anti)
neutrino is equal to 100 GeV in Fig. 3 and 1000 GeV in
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FIG. 3. Double differential v,W (upper panels) and o,W (lower panels) cross sections as a function of the tau lepton energy for

different values of the angle 0. Results derived assuming different nPDFS and that the energy of the incoming tau neutrino is equal to

100 GeV. Note the different y-axis scales in the distinct plots.

113005-4



TAU POLARIZATION IN NEUTRINO-NUCLEUS INTERACTIONS ... PHYS. REV. D 109, 113005 (2024)
12 40 - T 09 0.11 T T
_n _ v, W:nCTEQIS Y v, Wi nCTEQIS 0lf VW nCTEQIS

> 10 0=0° > v, W:CT14 > v, W:CT14 S 0wk v, W: CT14
8 N 8 N — — . v, W:EPPS21 8 0.7 — — . Vv, W:EPPS21 (SN — — .V, W:EPPS2I
> s 0 3 % 0.08

8 0.6
=] = & S oo
—_ 17
< > D o5 ) 0.06

% % % O
S 6 S 20 1) &
o o O o4 Q005
o S =l =l =}
o S e +0.04

L 4F m m 03 m
= Ev = 1000 GeV 2 = Z o0
< v, W:nCTEQIS < 0=25° ~ 02 0=5° < 0=10°
8 v, W:CTl4 8 L g o

| — —. v, W:EPPS2I 01 0.01

0 I ! ! 1 1 1 0.0 I ! ! L NS 0 ! S 0 -

100 200 300 400 500 600 700 : 100 200 300 400 500 100 200 10 20 30 40 50 60
E1 [GeV] Er [GeV] Er [GeV] E1 [GeV]

12 T T 40 T T T 09 T 0.11 T T T

11 = =
— . —_ v, W: nCTEQIS (x5) — 08 v, W: nCTEQIS (x5) —_ 0.1F Vv, W: nCTEQIS (x20)
% 10 0= % T, Wi CTI4 (x5) % T, W: CTI4 (x5) % 009 3, W: CT14 (x20)
Q 9 Ev = 1000 GeV Q 30 — — -V, W:EPPS21 (x5) Q 07 — — -V, W:EPPS21 (x5) 6] 008 — — -V, W:EPPS2I (x20)
S ) ) s F
& ® & =R -.ET 0.07
~ 7 ~ ~ ~
2 2 A\ < D 006
S 6 S 20 o o
Q © o O 005
< S/ el _lu S| A o kS|

o — -~

o4 m” AN o o 0%
= =) = )

3 T N — o ~ ° = 003
= —cmon = N 0=25 | I 8=5 =
o L § © o) o 002
3 v, W:CTI4 3 N 3 =]

! — — .V, W:EPPS2I N 001

0 | T T T | 00 1 | | | 0 | 0

100 200 300 400 500 600 700 100 200 300 400 500 100 200 10 20 30 40 50 60
E1 [GeV] Er [GeV] Er [GeV] E1 [GeV]

FIG. 4. Double differential v,W (upper panels) and o,W (lower panels) cross sections as a function of the tau lepton energy for
different values of the angle 0. Results derived assuming different nPDFS and that the energy of the incoming tau neutrino is equal to

1000 GeV. Note the different y-axis scales in the distinct plots.

Fig. 4. One has that the differential distributions for
neutrinos are larger than for antineutrinos in all kinematic
conditions presented. For £, = 100 GeV (Fig. 3), the cross
section is larger for @ = 2.5° than for @ = 0°, but decreases
for larger angles (5° and 10°). This behavior does not occur
for £, = 1000 GeV (Fig. 4), where we as that the differ-
ential distribution is greater for & = 0° than for the other
angles presented. Our results indicate that, increasing the
energy of the incident neutrino, the distribution is shifted
towards small values of 6. Furthermore, one has that for
higher scattering angles of the produced tau, the typical tau
energy becomes increasingly smaller, and values close to
the neutrino energy are not allowed. For example, for
neutrinos with a energy of 1000 GeV, the tau energy is
lower than 660 GeV, 500 GeV, 200 GeV, and 56 GeV for
6 =0° 2.5° 5° and 10° respectively. Regarding the
treatment of the nuclear effects, one has that the
nCTEQIS5 and EPPS21 predictions are similar. In contrast,
the CT14 prediction, which disregard the nuclear effects,
implies results similar to those obtained using the
nCTEQ15 and EPPS21 parametrizations for the angles
of 2.5° 5°, and 10° but differs significantly for 9 = 0°.
Comparing the predictions of nCTEQ15 and CT14 for 8 =
0° and the maximum value allowed for E,, one has an
increasing of 153% (191%) when we neglect the nuclear
effects for £, = 100 (1000) GeV.

In Figs. 5 and 6 we present our results for the transverse
(Py, upper panels) and longitudinal (P;, lower panels)
components of polarization as a function of the tau lepton

energy and different values of @, for an incident neutrino
energy of 100 GeV and 1000 GeV, respectively. For 8 = 0°
we have P; almost constant and close to 1 for neutrinos and
-1 for antineutrinos. For the other angles, we have that P; is
positive (negative) for low values of tau (antitau) energy
and becomes negative (positive) at higher energies (close to
the maximum allowed energy). The behavior of the curves
is similar when increasing the energy of the incident
neutrino, differing basically in the energy range allowed
for tau. Using different parametrizations for the nPDFs we
obtain similar predictions for P; in all kinematic conditions
presented in Figs. 5 and 6, where one has the overlapping of
the distinct curves in practically all cases. Regarding the
behavior of P, one has that for § = 0°, P7 is equal to zero,
which is expected since P;  sin . For the other angles,
Py grows with the tau energy until a maximum and then
decreases to a value close to zero. In v, W interactions, Py
presents only negative values, while for antineutrinos only
positive values are observed. The predictions derived
assuming distinct nPDFs are very similar. In contrast, for
v, W interactions, the predictions differ for larger scattering
angles. It is important to emphasize that the impact of the
uncertainties present in the nCTEQ1S5 predictions becomes
very small in these observables, which is directly associated
with its definitions, Eqgs. (6) and (7), which are given in
terms of ratios of nuclear PDFs.

Finally, in Fig. 7 we present our results for the degree of
polarization P (=+/P? + P%) of taus (upper panels) and
antitaus (lower panels) produced in v,W and oW

113005-5
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FIG.5. Transverse (upper panels) and longitudinal (lower panels) components of the polarization vector as a function of the tau lepton
energy for an incident (anti) neutrino with an energy of 100 GeV. Results for different values for the angle 0 derived assuming
distinct nPDFs.
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FIG. 6. Transverse (upper panels) and longitudinal (lower panels) components of the polarization vector as a function of the tau lepton
energy for an incident (anti) neutrino with an energy of 1000 GeV. Results for different values for the angle 6 derived assuming
distinct nPDFs.

interactions, respectively, as a function of the tau lepton  interactions, P = 0.94, with the predictions being almost
energy for an incident (anti)neutrino with an energy of  independent of the scattering angle 6, tau lepton energy and
1000 GeV. Similar results are derived for £, = 100 GeV ~ the nPDF used as input in the calculations. In contrast, for
and are available upon request. One has that for v,W 0, W interactions, the degree of polarization is dependent on
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FIG.7. Degree of polarization of the tau (upper panels) and antitau (lower panels) produced in v, W and v, W interactions, respectively,
as a function of the tau lepton energy for an incident (anti)neutrino with an energy of 1000 GeV. Results for different values for the angle

0 derived assuming distinct nPDFs.

0, with the predictions for 6 > 0° presenting a minimum in
the tau lepton energy range considered. In addition, for this
case, the predictions for large angles become dependent on
the nPDF considered.

IV. SUMMARY

In recent years, the study of neutrino-nucleus inter-
actions with incident neutrino energy ranges in the
GeV-TeV range becomes a reality with the first measure-
ments performed in the LHC by the FASER and
SND@LHC experiments and a larger amount of data is
expected in the forthcoming years with the construction of
the Forward Physics Facility. Such data will allow us to
study in more detail the tau neutrino properties, its
interaction and the decay of the produced tau lepton. In
this paper, we have investigated the degree of polarization
of the (anti)tau lepton produced in (anti)neutrino-tungsten
interactions, considering different values for the energy of

the incident (anti)neutrino and distinct parametrizations for
the treatment of the nuclear effects in the parton distribution
functions. We have reviewed the formalism and presented
predictions for the differential cross sections and the
longitudinal and transverse components of the tau lepton
polarization as a function of the tau lepton energy and
distinct values of the scattering angle. Our results indicate
that the degree of polarization is smaller than 1 for the
neutrino energies reached at the LHC and are almost
insensitive to the nuclear effects.
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