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The neutrino interaction length scales with energy, and becomes comparable to Earth’s diameter above
10’s of TeVenergies. Over terrestrial distances, the tau’s short lifetime leads to an energetic regenerated tau
neutrino flux, ντ → τ → ντ, within the Earth. The next generation of neutrino experiments aim to detect
ultrahigh energy neutrinos. Many of them rely on detecting either the regenerated tau neutrino, or a tau
decay shower. Both of these signatures can be affected by the polarization of the tau through the energy
distribution of the secondary particles produced from the tau’s decay. While taus produced in weak
interactions are nearly 100% polarized, it is expected that taus experience some depolarization due to
electromagnetic interactions in the Earth. In this paper, for the first time we quantify the depolarization of
taus in electromagnetic energy loss. We find that tau depolarization has only small effects on the final
energy of tau neutrinos or taus produced by high energy tau neutrinos incident on the Earth. Tau
depolarization can be directly implemented in Monte Carlo simulations such as nuPyProp and TauRunner.
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I. INTRODUCTION

The detection of solar and atmospheric muon- and
electron-neutrinos through their interactions in large under-
ground detectors has led to our current understanding of
neutrino masses and oscillations [1–3]. Over distance scales
characterized by the diameter of the Earth, for energies in the
range of Oð1Þ–Oð10Þ GeV, the disappearance of muon
neutrinos from oscillations [4] and the corresponding tau
neutrino appearance [4–6] at Super-Kamiokande and
IceCube-DeepCore highlight the role of neutrino telescopes.
The first detection of a diffuse astrophysical neutrino flux by
the IceCubeNeutrinoObservatory [7] established the field of
high-energy neutrino astronomy. Astrophysical neutrinos
come from sources in which high-energy protons interact
with ambient protons or photons to produce pions and other
hadrons [8–10]. Pion decays,which are expected to dominate
the flux, lead to νμ and νe fluxes (and their antineutrino
partners) in a ratio of approximately 2∶1 at the source.
Neutrino oscillations over astrophysical distances yield

nearly equal fluxes of the three neutrino flavors [11–13].
Measurements of neutrino flavor ratios hold the potential to
characterize their sources, and may provide evidence of new
physics scenarios at extreme energies (see, e.g., ref. [14–24]).
Through interactions of all threeneutrino flavors in contained
cascade events in IceCube and with through-going muons
that originate from νμ charged-current interactions, the
diffuse neutrino flux has been measured up to neutrino
energies in the PeV range [25–28]. IceCube’s Glashow
resonance event [29] pushes the neutrino energy measure-
ment to Eν ≃ 6.3 PeV.
In pursuit of neutrino probes of even higher energy

phenomena, strategies for the detection of tau neutrinos
have come to the fore [30]. Within a detector like IceCube
and its proposed successor IceCube-Gen2 [31], double-pulse
and so-called double-bang eventswith ντ → τ productionvia
charged-current interactions followed by τ decays will give
distinct signals. Already, two candidate ντ events have been
detected by IceCube [32]. At higher energies, τ’s produced
outside the detector can appear as tracks with energetic
decays. ForEτ > 100 PeV, the tau track length before decay
is≳5 km on average. Thus, there is a measurable probability
for very high energy (VHE) tau neutrinos to convert to τ’s in
the Earth which in turn emerge to produce air showers.
Detection of these τ-decay induced air showers are targets of
current and future experiments such as ANITA [33,34],
PUEO [35,36], BEACON [37], Trinity [38], TAMBO [39],
GRAND [40], EUSO-SPB2 [41,42], and POEMMA [43].
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Detailed modeling of tau neutrino and tau propagation
in Earth has resulted in the development of several
Monte Carlo simulation programs that include NuTauSim

[44], NuPropEarth [45], TauRunner [46,47], and the nuPyProp

[48,49] module of nuSpaceSim [50]. The propagation of
neutrinos through the Earth can produce secondary par-
ticles, among them more taus, which yields a guaranteed
tau neutrino flux [51]. Tau neutrino propagation in Earth
benefits from tau neutrino regeneration in the production
and decay process ντ → τ → ντ [52]. In both the regener-
ation modeling of the ντ energy from τ → ντ and for the
energy distribution of the hadronic shower of a detected tau
decay, the polarization of the τ has a potential impact.
While τ’s produced in very high energy weak interactions
are nearly 100% polarized, it has been noted in Ref. [46]
that τ’s experience some depolarization as a consequence of
electromagnetic energy loss after their production in Earth.
In this article, we quantify the depolarization of τ’s as a
consequence of electromagnetic energy loss.
Tau depolarization in electromagnetic interactions are

dominated by scatterings in which the incoming tau loses a
substantial fraction of its energy. Bremsstrahlung is sup-
pressed relative to eþe− pair production and photonuclear
tau interactions as they propagate through materials [53].
Electron-positron production that yields a change in tau
energy of more than 10% are rare. For example, for
109 GeV Earth-skimming tau neutrinos incident at 10°,
only 0.02% of the pair production tau scatterings have
significant energy loss. On the other hand, photonuclear
interactions have more frequent scattering in which the
final tau energies are less than 90% of their initial energies.
Thus, we focus on tau photonuclear energy loss in this
article.
We begin with an overview of tau spin polarization to

define our notation. Following the work of Hagiwara,
Mawatari, and Yokoya [54], our review of tau polarization
in weak interactions extended to high energies affirms that
VHE taus are nearly 100% polarized when emerging from
tau neutrino charged-current interaction. In Sec. III, we
extend the evaluation of tau polarization to tau photo-
nuclear scattering and track tau depolarization using
nuPyProp and TauRunner. Our results are shown in Sec. IV,
followed by our conclusions. Details of the leptonic
currents for weak and electromagnetic interactions that
go into the polarization calculation are in Appendix A.
Analytic approximations to evaluate the impact of fully
polarized and fully depolarized taus when they decay are
included in Appendix B.

II. OVERVIEW OF TAU SPIN
POLARIZATION VECTOR

We follow the work of Hagiwara et al. [54] to set up the
initial equations needed to calculate the depolarization
effect in tau propagation through materials. In this section,
we first start with the spin polarization vector for an

outgoing τ from a ντ charged-current (CC) interaction or
a τ electromagnetic interaction and its role in tau decay
distributions. Later in the section, we review the polariza-
tion effect for CC interactions of ultra-high energy ντ.

A. Tau spin polarization and decays

The spin polarization three-vector of the outgoing tau, in
its own rest frame, can be written as [54]

s⃗ ¼ ðsx; sy; szÞ

¼ P
2
ðsin θP cos ϕP; sin θP sin ϕP; cos θPÞ; ð1Þ

¼ P
2
ðΛ sin θP; 0; cos θPÞ; ð2Þ

where the spin direction is relative to the final state tau
momentum direction in the lab frame, taken to be the
z-axis. In Eq. (1), θP and ϕP are the polar and azimuthal
angle of the spin vector in the τ rest frame, and P is the
degree of polarization. The polarization vector lies in the
scattering plane [54], thus ϕP ¼ 0 or π. Therefore in Eq. (2),
Λ takes value þ1 or −1 according to the azimuthal angle.
In what follows, we define Pz ≡ 2sz. For a single

scattering, we denote the polarization as Pi;z where
i ¼ ν, τ for CC and EM scattering, respectively. Later in
this section we evaluate Pν;z, and in Sec. III we compute
Pτ;z. The net polarization at decay is denoted as Pz. In the
massless tau limit for ντ CC interactions, the produced
τ≡ τ− is fully polarized, i.e., it is left-handed (LH) and

s⃗ ≃ −
1

2
ð0; 0; 1Þ; ð3Þ

so sz ¼ − 1
2
and Pν;z ¼ −1. The same is expected for the

massless limit of τ → τ EM scattering.
The quantity Pz enters into the energy distribution of the

ντ from tau decay. The differential decay distribution of the
tau as a function of zν ≡ Eν=Eτ can be written in the form

1

Γ
dΓðτ → ντÞ

dzν
¼

X
i

Biðgi0ðzνÞ þ Pzgi1ðzνÞÞ; ð4Þ

where gi0ðzνÞ and gi1ðzνÞ depend on i decay channels with
branching fraction Bi. The full decay width can be modeled
as the sum of ντ plus eν̄e, μν̄μ, π, ρ, a1, and 4π final states
[55,56]. The functions gi0 and g

i
1 for purely leptonic decays

are included in Appendix B. We evaluate Pz for multiple
electromagnetic scatterings of the tau in Sec. III.
In TauRunner, the sum over decay channels is used to

generate zν, while in nuPyProp, a single channel for purely
leptonic tau decay with a unit branching fraction is used.
While not obvious, a numerical implementation of Breit-
Wigner smearing of the four semileptonic decay channels
following Ref. [57] added to the leptonic distributions leads
to a distribution that nearly matches the purely leptonic
decay distribution of the tau [49]. More details appear in
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Appendix B. Thus, it is not surprising that evaluations
using TauRunner and nuPyProp quantitatively agree for the
results shown in this article.
We note that for τ̄≡ τþ decays, the differential decay

distribution is

1

Γ
dΓðτ̄ → ν̄τÞ

dzν̄
¼

X
i

Biðgi0ðzν̄Þ − Pzgi1ðzν̄ÞÞ; ð5Þ

for zν̄ ≡ Eν̄=Eτ̄. Therefore, CC production of a right-
handed (RH) τ̄ will yield the same decay distribution in
zν̄ as the zν decay distribution of LH τ.

B. Scattering kinematics

We first define the kinematical variables for the CC and
EM interactions. For an incoming ντ momentum for CC
interaction or τ momentum for EM interaction (k), target
nucleon momentum (p) and outgoing tau momentum (k0)
in the laboratory frame, we write

kμ ¼ ðEi; 0; 0; piÞ
pμ ¼ ðM; 0; 0; 0Þ
k0μ ¼ ðEτ; pτ sin θ; 0; pτ cos θÞ: ð6Þ

HereEi andEτ are the incomingneutrino/tau and outgoing
tau energies in the laboratory frame, respectively. For ντ CC
interactions, k2 ¼ 0, while for τ EM interactions, k2 ¼ m2

τ .
In both CC and EM scattering cases, k02 ¼ m2

τ . The Lorentz
invariant variables, in terms of energy and angles in the lab
frame where the target is at rest, are given by

ν ¼ p · q=M ¼ Eiy ¼ ðEi − EτÞ
Q2 ¼ −q2 ¼ −ðk − k0Þ2

¼ 2ðEiEτ − pipτ cos θÞ − k2 − k02

x ¼ Q2=ð2p · qÞ: ð7Þ

C. Tau neutrino charged-current scattering

In this section, we review the calculation of the spin
polarization vector components of the outgoing tau for
ντN → τX interaction [54], which will give us information
on the polarization of the produced tau from an ultrahigh
energy ντ. Polarization in neutrino CC production of taus
has been discussed in Refs. [54,58–62]. We perform the
evaluation in the frame where the target nucleon is at rest.
For neutrino charged-current interactions, in terms of

lepton spinors, the leptonic weak current is

jμλðν;CCÞ ¼ ūτðk0; λÞγμ
1 − γ5
2

uνðk;−Þ: ð8Þ

Equations (A1) and (A2) give jμλ . The leptonic tensor and
hadronic tensor are expressed as

Lμν
λλ0 ¼ jμλj

�ν
λ0 ;

Wμν ¼ −gμνW1 þ
pμpν

M2
W2 − _ιϵμναβ

pαqβ

2M2
W3 ð9Þ

þ qμqν
M2

W4 þ
pμqν þ qμpν

2M2
W5: ð10Þ

The ντ CC differential cross section in terms of inelasticity
y ¼ ðEi − EτÞ=Ei and Q2 is

d2σCC
dydQ2

¼ G2
F

4π

�
M2

W

Q2 þM2
W

�
2 1

Eν
Fν; ð11Þ

where

Fν ¼ Eν

��
2W1 þ

m2
τ

M2
W4

�
ðEτ − pτ cos θÞ

þW2ðEτ þ pτ cos θÞ

þW3

M
ðEνEτ þ p2

τ − ðEν þ EτÞpτ cos θÞ −
m2

τ

M
W5

�
:

ð12Þ

Here, Fν is obtained by contracting the hadronic and
leptonic tensors with the appropriate normalization. In
what follows, we use the approximations W5 ¼ W1 and
W4 ¼ 0 according to the Albright-Jarlskog [63] and
Callan-Gross [64] relations which are exact in the massless
parton, massless target approximations at leading order in
QCD (see, e.g., Ref. [65]).
The spin density matrix gives the relation [54]

dRλλ0 ∼ Lμν
λλ0Wμν: ð13Þ

We can relate the elements of the spin polarization vector to
the lepton-hadron contractions. Up to an overall normali-
zation factor N,

dRþþ þ dR−− ¼ dσsum

¼ NðLμν
þþ þ Lμν

−−ÞWμν; ð14Þ

dRþ− ¼ sxdσsum

¼ Lμν
þ−Wμν

ðLμν
þþ þ Lμν

−−ÞWμν
dσsum; ð15Þ

dRþþ − dR−−

2
¼ szdσsum

¼ ðLμν
þþ − Lμν

−−ÞWμν=2

ðLμν
þþ þ Lμν

−−ÞWμν
dσsum: ð16Þ

Using the above equations, we can calculate the spin
polarization vector components obtained for a single ντ
CC scattering
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sx ¼ −
mτ

2
sin θEν

�
2W1 −W2

þ Eν

M
W3 −

m2
τ

M2
W4 þ

Eτ

M
W5

�
=Fν; ð17Þ

sy ¼ 0; ð18Þ

sz ¼ −
Eν

2

��
2W1 −

m2
τ

M2
W4

�
ðpτ − Eτ cos θÞ

þW2ðpτ þ Eτ cos θÞ

þW3

M
ððEν þ EτÞpτ − ðEνEτ þ p2

τÞ cos θÞ

−
m2

τ

M
W5 cos θ

�
=Fν: ð19Þ

One expects that the produced tau will be almost fully
polarized for incident high-energy neutrinos [66]. In order
to demonstrate this, we calculate the average value of PCC

ν;z

as a function of y by integrating over Q2:

hPCC
ν;z ðyÞi≡ dhP cos θPiCC

dy

¼
Z

dQ22sz
d2σCC
dydQ2

�
dσCC
dy

�
−1
: ð20Þ

Figure 1 shows the average values of the z component of
spin polarization vector, −hPν;z

CCi, as a function of
Eτ=Eν ¼ ð1 − yÞ. As expected, it can be observed that
the outgoing tau is almost fully polarized for high incident

neutrino energies. Depolarization occurs only for lowest
energy fraction Eτ=Eν, i.e., the largest y values. The shaded
band shows where 10% or less of the τ emerge with this
energy fraction. Thus, it is a good approximation to assume
ντ → τ produces left-handed taus in agreement with results
found in Ref. [66].
The formulas presented here are specifically for ντ → τ,

not ν̄τ → τ̄. Antineutrino scattering involves a change of
sign of the coefficient of the W3 term. We consider here
scattering with isoscalar targets, so the structure function
W3 depends only on the valence quark distributions. At
high energies, valence contributions to the neutrino and
antineutrino cross sections are small. For example, for
incident neutrino and antineutrino energies of 107 GeV, the
CC cross sections differ by less than 1% [67]. The results
shown in Ref. [66], that the τ and τ̄ polarization magnitudes
from ντ and ν̄τ CC interactions are equal at high energies,
are therefore not surprising. For the remainder of the paper,
we focus on the τ polarization with the understanding that
the τ̄ polarization has the opposite sign.

III. TAU DEPOLARIZATION IN
PHOTONUCLEAR SCATTERING

As explained in the Sec. I, photonuclear interaction is the
dominant electromagnetic energy loss mechanism for τ’s
for which depolarization effects can be observed. Thus, in
this paper we will only look at the photonuclear scattering
process for taus.

A. Tau photonuclear scattering

For tau electromagnetic scattering in the massless limit,
again, the tau remains fully polarized if the initial state is
polarized. The inclusion of mass effects can diminish the
magnitude of P and introduce a θP dependence. The
quantities P and cos θP are functions of the outgoing tau
energy and direction.
The result obtained in the previous section for ντ CC

scattering gives us important information. The first CC
interaction of a high-energy cosmic neutrino passing
through the Earth will produce a fully polarized τ and
so it is safe to assume in tau EM photonuclear scattering the
incoming tau is purely left-handed. Following the same
procedure as in Sec. II C for ντ → τ, we derive the spin
polarization vector from the spin density matrix for τ → τ
electromagnetic scattering in terms of the structure
functions.
For tau electromagnetic interactions of initially left-

polarized tau, the EM leptonic current is

jμλðτ;EMÞ ¼ ūτðk0; λÞγμuτðk;−Þ: ð21Þ

The leptonic current expressions for EM interactions,
λ ¼ �, can be found in Appendix A in Eqs. (A3), (A4).

FIG. 1. Initial polarization of taus produced from charged-
current scattering. The average value of hPCC

ν;z ðyÞi as a function of
tau energy fraction for ντ CC scattering for different incident
neutrino energies. The shaded region shows where 10% or less of
the taus emerge with this energy fraction. In the massless lepton
limit, −hPCC

ν;z ðyÞi ¼ 1 for all y, corresponding to left-handed
outgoing taus.
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The hadronic tensor for EM case will only have structure
functions W1, W2 and reduces to

Wμν ¼ −gμνW1 þ
pμpν

M2
W2; ð22Þ

by taking into account gauge invariance.
The differential cross section for tau photonuclear

scattering is

d2σEM
dy dQ2

¼ 2πα2

Q4

1

Ei
Fτ; ð23Þ

where

Fτ ¼ 2W1ðEiEτ − pipτ cos θ − 2m2
τÞ

þW2ðEiEτ þ pipτ cos θ þm2
τÞ; ð24Þ

is obtained by contracting the hadronic and leptonic
tensors. The structure functions W1 and W2 are more
commonly written in terms of F1 and F2 as

W1 ¼ F1=M ð25Þ

W2 ¼ F2=ν; ð26Þ

with

F1 ¼
1

2xð1þ RÞ
�
1þ 4M2x2

Q2

�
F2: ð27Þ

The differential cross section translates to

d2σEM
dydQ2

¼ 4πα2

Q4

F2ðx;Q2Þ
y

�
1 − y −

Q2

4E2
i

þ
�
1 −

2m2
τ

Q2

�
y2ð1þ 4M2x2=Q2Þ
2½1þ Rðx;Q2Þ�

�
; ð28Þ

where x, y, and Q2 are related by Eq. (7). The quantity
Rðx;Q2Þ, implicitly defined in Eq. (27), can bewritten terms
of the longitudinal structure function FL ≃ F2ðx;Q2Þ −
2xF1ðs;Q2Þ (in the small x limit) and F1ðx;Q2Þ. This gives
Rðx;Q2Þ≡ FLðx;Q2Þ=ð2xF1ðx;Q2ÞÞ. At high energies, we
can take Rðx;Q2Þ ¼ 0. Using Eqs. (2), (14), (15), and (16)
we can evaluate the spin polarization vector components for
tau EM scattering case:

sx ¼ −
mτ

2
sin θ½2EiW1 −W2ðEi þ EτÞ�=Fτ ð29Þ

sy ¼ 0 ð30Þ

sz ¼ −
1

2
½2W1ðpipτ − EiEτ cos θÞ

þW2ðpipτ þ EiEτ cos θÞ þW2m2
τ cos θ�=Fτ: ð31Þ

The energy distribution of ντ from τ decays depend on
Pτ;z [Eq. (4)], so only the sz component of the spin
polarization vector is relevant. The average value of PEM

τ;z

as a function of y, integrated over Q2 is

hPEM
τ;z ðyÞi≡ dhP cos θPiEM

dy

¼
Z

dQ22sz
d2σEM
dydQ2

�
dσEM
dy

�
−1
: ð32Þ

In Fig. 2 (left), the average value of −hPEM
τ;z ðyÞi after a

single scattering, as a function of Eout
τ =Ein

τ , is shown for

FIG. 2. Average polarization of outgoing tau after a single scattering. The average polarization about z-axis hPτ;zi (left) and the
average total polarization hPEMi (right) as a function of outgoing tau energy fraction for single photonuclear electromagnetic scattering
of τ’s with rock for different incident tau energies. Here, hPEMi ¼ ðhPEM

τ;z i2 þ hPEM
τ;x i2Þ12.
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three incident tau energies. A high-energy tau passing
through rock can get partially depolarized. The depolari-
zation effect becomes significant for y≳ 0.2, namely,
for Eout

τ =Ein
τ ≲ 0.8.

The value of hPEM
τ;z i depends on the quantities P and θP.

We calculate the average of the polarization, hPEMi ¼
ðhPEM

τ;z i2 þ hPEM
τ;x i2Þ12, where hPEM

τ;x i is evaluated according
to Eq. (32) with sz → sx. In Fig. 2 (right), we show the
average total polarization for different incident tau energies.
We see that hPEMi lies between 1 and 0.8 throughout the
range of Eout

τ =Ein
τ . The main contribution to depolarization

observed in Fig. 2 (left) is from the polar angle θP.

B. Monte Carlo implementation of tau depolarization

There are multiple Monte Carlo packages that simulate
propagation of the taus through the Earth. Stochastic
modeling is essential to incorporate the effects of tau
depolarization since depolarization depends on y ¼ ðEin

τ −
Eout
τ Þ=Ein

τ . Two such packages are TauRunner and nuPyProp,
which are modular PYTHON-based packages that track the
propagation of charged leptons produced from charged-
current interaction of neutrinos skimming through the Earth.
In this section, we focus on tau lepton propagation in rock,
first to determine the distribution of the tau polarization just
before it decays, then to illustrate impact of depolarization on
the energydistributionof the tau neutrinos that come from tau
decays.
We use nuPyProp and TauRunner to propagate 107 tau

leptons of each initial energy Ein
τ ¼ 109, 1010 GeV and

1011 GeV through a slab of 200 km.w.e. of standard rock
(A ¼ 22, Z ¼ 11, and ρ ¼ 2.65 g=cm3), schematically
illustrated in the left panel of Fig. 3. With this depth of
rock, all of the taus decay in the slab. Tau propagation is
performed accounting for all electromagnetic energy loss

processes. As noted, for taus, eþe− pair production and
photonuclear energy losses dominate, with photonuclear
energy loss accounting for depolarization effects. The
simulation codes record y (inelasticity) for each EM
interaction of the tau. For photonuclear interactions, the
corresponding hPEM

τ;z i and hPEMi (see Fig. 2) are used to
determine θP and P and with each photonuclear interaction,
combined according to:

cos θP ¼ hPEM
τ;z i

hPEMi ð33Þ

θP;f ¼ θP;1 � θP;2 � θP;3 �… ð34Þ

Pf ¼ P1 · P2 · P3 ·…; ð35Þ

where θP;f is calculated as the sum or difference of the
polar angles because of the ambiguity in sign arising from
cosine. The sign is chosen using a random generator in the
code. We get the final polarization about z-axis for a single
tau as

Pz ¼ Pf cos θP;f; ð36Þ

where the tau had multiple interactions. (For a single
interaction of the tau, we have defined its polarization
about z-axis with the notation Pτ;z.) Using Eq. (36) with
our simulated data for 107 incident taus, we show our
results in the right panel of Fig. 3 for three incident tau
energies, Ein

τ ¼ 109 GeV, 1010 GeV, and 1011 GeV. It is
observed that for Ein

τ ¼ 109 GeV, the taus are more
polarized and therefore the distribution of −Pz peaks close
to one. On the other hand, for Ein

τ ¼ 1011 GeV, there is
more depolarization and we see a shift in the peak away

FIG. 3. Schematic of taus entering a slab of rock and propagating until they decay, and the distribution of final polarization before tau
decay. Left: schematic of simulation of taus with Ein

τ incident on a thick slab of rock, in which they propagate varying distances, then
decay. Right: the differential number of taus as a function of final polarization from multiple EM interactions for 107 τ’s propagated
through a slab of rock for each initial tau energy.
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from one. This is due to the increase in number of
interactions for higher initial tau energy which causes
more depolarization.
The bump in the right panel of Fig. 3 for Ein

τ ¼ 1011 GeV
at Pz ≃ −0.6 arises because cos θP;f can have negative
values, i.e., θP;f > π=2. The distribution for Pf is peaked at
∼0.6 for Ein

τ ¼ 1011 GeV, which combined with negative
values of cos θP;f gives Pz ≃ −0.6 for some fraction
of taus.
We turn to the neutrino energy distribution from the tau

decays after propagating in rock. For each incident tau at
fixed energy, using the simulated data that includes the final
tau energy and polarization at the point of decay, we
generate the energy of the tau neutrino from the tau decay.
This is done by creating a cumulative distribution function
from the neutrino energy distribution equation given
in Eq. (4).
We show the effect of depolarization of taus on ντ energy

distribution in Fig. 4. The upper left plot shows the
differential number of tau-neutrinos as a function of tau-
neutrino energy fraction (Eν=Ein

τ ). Higher energy taus lose
more of their initial energy as they propagate farther before
their decays.
For three initial tau energies, the remaining plots in Fig. 4

show ratio of ντ ’s produced from unpolarized (Pz ¼ 0) to
fully polarized (Pz ¼ −1) taus (blue markers and curve),
and simulated (Pz;sim) to fully polarized (Pz ¼ −1) taus

(orange markers and curve). The crossover points of the
ratio plots approximately correspond to the peaks in the
upper left plot of Fig. 4.
To cross-check our results for the neutrino energy

distribution from tau decays given taus incident on rock,
we used an approximate analytical equation to get the ντ
spectrum. Details are included in Appendix B. Using
Eq. (B9), we show dashed blue curves with this semi-
analytic approximation in Fig. 4. The ratio of the analytic
evaluation of the neutrino energy distribution of unpolar-
ized to fully left-handed polarized tau agrees very well with
the ratio of distributions for Pz ¼ 0 to Pz ¼ −1 in the
Monte Carlo.

IV. RESULTS FOR EARTH-SKIMMING
TAU NEUTRINOS

The methodology of the depolarization calculations
established in the previous sections can be easily imple-
mented in the context of neutrino telescopes. Again using
nuPyProp and TauRunner, we simulate ντ’s skimming through
the Earth, at different Earth emergence angles (β), which
interacts to produce taus. The taus have electromagnetic
interactions and can experience some depolarization. If the
tau decays, its decay tau neutrino is propagated in the
Monte Carlo simulation to determine if it interacts to
produce a lower energy tau, so called “regeneration.” A
schematic of Earth-skimming tau neutrino trajectories to

FIG. 4. Effect of tau depolarization on outgoing tau neutrinos for multiple energies. Upper left: differential number of tau neutrinos as
a function of ντ energy fraction for simulated depolarization taus, shown for three different energies. Upper right: the orange (blue)
markers show the ratio of the tau neutrino energy distribution with simulated (Pz ¼ 0) polarization to the tau neutrino energy
distribution for left-handed tau decays as a function of Eν=Ein

τ for taus of energy Ein
τ ¼ 109 GeV in rock. The dashed blue curve shows

the approximate analytic evaluation of the ratio of decay neutrino distributions with Pz ¼ 0 to Pz ¼ −1. The lower plots show these
ratios for Ein

τ ¼ 1010 GeV (left) and Ein
τ ¼ 1011 GeV (right).
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produce a tau that emerges from the Earth is shown in the
left panel of Fig. 5.
For Earth-based, suborbital and satellite instruments that

detect signals of tau decay-induced extensive air showers,
modeling requires the probability that a neutrino produces
an exiting tau, the energy of the emerging tau, and its final
polarization upon exit. This last quantity enters into
modeling the energy of the hadronic final state in the
tau decay.
One feature of regeneration is that whenever a regen-

erated tau neutrino interacts to produce a regenerated tau, to

a good approximation, that tau will be fully polarized (LH)
as we showed in Sec. II C. We follow the same procedure as
described in Sec. III B to calculate the depolarization effect,
given by Eq. (36), now accounting for the variable density
of the Earth along the particle trajectory.
The amount of regeneration depends on the incident

neutrino energy and angle of incidence (equal to the Earth
emergence angle, β). Higher neutrino energies correspond
to shorter neutrino interaction lengths, allowing for tau
production and decay earlier along the trajectory than for
lower neutrino energies. On the other hand, for small

FIG. 5. Earth-skimming tau neutrino with emerging tau, and impact of tau depolarization on the tau exit probability. Left: schematic
diagram of a ντ incident on the Earth that results in an emerging tau after series of CC interactions and tau decays (regeneration). The
Earth emergence angle is β. Right: exit probability of taus as a function of different Earth emergence angles, for three different initial tau-
neutrino energies. It shows a comparison when we consider LH polarization and simulated depolarization for EM interactions of
the taus.

FIG. 6. Final energy of exiting taus and their polarization from a neutrino beam. Differential number of exiting taus, with a
normalization of 3=Nτ, and average polarization (−hPzi) of exiting taus as a function of exiting tau’s energy fraction for initial neutrino
energies Eν ¼ 109 GeV (left) and 1011 GeV (right) and for β ¼ 1°; 5°. The energy distribution normalization was chosen so the energy
distributions and polarizations can appear in the same figures. Note that the x-axes have different ranges in the two panels.
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angles, the column depth is too short for regeneration to
occur. Below β ≲ 4°, regeneration is negligible [48,49]. For
Eν of 109 GeV, regeneration occurs for β ≳ 10°, while for
Eν ¼ 1011 GeV, regeneration occurs for β ≳ 4°.
In the right panel of Fig. 5, the exit probability of the taus

is plotted for different Earth emergence angles, for three
different initial tau neutrino energies. It shows a compari-
son between LH polarized and polarization simulated for
EM interactions of the taus. We observe that the exit
probability is changed by 5% for smaller angles, and 10%
for higher angles, when we consider depolarization in the
EM interactions. This shows us that depolarization has a
small impact on the exit probability of the taus.
Figure 6 shows us the final energy of the exiting taus

with corresponding average polarization. The energy dis-
tributions are normalized by 3=Nτ so that they appear on
the same scale as the polarization curves included in the
figures. The plot on left is for Eν ¼ 109 GeV for β ¼ 1°
and 5°. For this energy, the regeneration rate is negligible
for both angles. The taus that exit the Earth are the ones
created from the initial tau neutrinos that interact close to
the surface of the Earth. Thus there is no significant
depolarization and the final energy of the exiting taus is
close to the initial tau-neutrino energy. In the plot on right
in Fig. 6 for Eν ¼ 1011 GeV, for β ¼ 1°, the exiting taus are
created from the initial tau neutrinos which interact farther
from the surface of the Earth. The high energy taus that are
produced are partially depolarized as they propagate and
lose energy on their way to exit the Earth. For β ¼ 5°, the
taus able to exit the Earth are created from the regenerated
tau neutrinos which interact closer to the surface of the
Earth. Because of regeneration, the energy distribution of
the emerging taus is lower than for β ¼ 1°. Since the taus
that emerge are produced close to the Earth surface, and
with each tau production, its polarization is reset to −1, the
average polarization for exiting taus is close to −1 for
β ¼ 5° for incident neutrinos with Eν ¼ 1011 GeV.

V. CONCLUSIONS

In principle, tau depolarization effects can affect the flux
normalization and the energy distributions of tau neutrinos
and taus that arrive at underground detectors or taus that
emerge to produce upgoing air showers. We have per-
formed an analysis of the dominant contribution to the
depolarization of CC interaction produced left-handed taus
as they transit materials.
The depolarization of taus is not complete for tau

energies up to 1011 GeV. With our simulations of tau
energy loss in rock, Fig. 4 shows that the neutrino energy
distributions from tau decays are shifted from LH tau
decays by at most ∼� 10%. The distortion of the neutrino
energy distribution from the decays of fully polarized (LH)
taus is less than the prediction for fully depolarized taus
(Pz ¼ 0). Even when taus are fully depolarized, the

neutrino energy spectrum does not change significantly
compared to the polarized distribution.
Taus that exit the Earth may come from a series of CC tau

neutrino interactions and tau decays; this process is known
as tau regeneration. A consequence of the tau energy
distribution from regeneration is an energy smearing that
largely washes out the spectral distortion caused by the
depolarization of taus. We have shown that the tau exit
probability is modified at most by ∼10% for large Earth
emergence angles, where the exit probability is already low.
The energy distribution of the emerging taus is essentially
the same with and without accounting for EM depolariza-
tion effects.
Our results for the polarization of the Earth-emerging

taus show that the average polarization depends on the
incident neutrino energy and angle, but it is largely
independent of the final tau energy. Improved modeling
of the initial energy of the extensive air shower from tau
decays in the atmosphere by including Pz is therefore
straightforward to implement in Monte Carlo simulations
with stochastic energy loss like TauRunner and nuPyProp.
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APPENDIX A: LEPTONIC CURRENT FOR WEAK
AND ELECTROMAGNETIC SCATTERING

For completeness, we include the leptonic current for
the weak interaction scattering ντN → τ−X (Eq. (20) in
Ref. [54])

jμλ ¼ ūτðk0; λÞγμ
1 − γ5
2

uνðk;−Þ
jμþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EνðEτ − pτÞ

p

×

�
sin

θ

2
;− cos

θ

2
; i cos

θ

2
; sin

θ

2

�
ðA1Þ

jμ− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EνðEτ þ pτÞ

p

×

�
cos

θ

2
; sin

θ

2
;−i sin

θ

2
; cos

θ

2

�
ðA2Þ

used to construct Lμν
λλ0 for λ; λ

0 ¼ �.
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The leptonic current for EM scattering τ−N → τ−X
where the incident tau is left-handed (λ0 ¼ −), is

jμλ ¼ ūτðk0; λÞγμuτðk;−Þ
jμþ ¼

� ffiffiffiffiffiffiffiffiffiffi
ΣiΔf

p
−

ffiffiffiffiffiffiffiffiffiffi
ΣfΔi

p �

×

�
f0þ sin

θ

2
;− cos

θ

2
; i cos

θ

2
; sin

θ

2

�
ðA3Þ

jμ− ¼
� ffiffiffiffiffiffiffiffiffiffi

ΣiΣf

p
−

ffiffiffiffiffiffiffiffiffiffiffi
ΔiΔf

p �

×

�
f0− cos

θ

2
; sin

θ

2
;−i sin

θ

2
; cos

θ

2

�
ðA4Þ

where

f0þ ¼ ð ffiffiffiffiffiffiffiffiffiffi
ΣiΔf

p þ ffiffiffiffiffiffiffiffiffiffi
ΣfΔi

p Þ=ð ffiffiffiffiffiffiffiffiffiffi
ΣiΔf

p
−

ffiffiffiffiffiffiffiffiffiffi
ΣfΔi

p Þ
f0− ¼ ð ffiffiffiffiffiffiffiffiffiffi

ΣiΣf

p þ ffiffiffiffiffiffiffiffiffiffiffi
ΔiΔf

p Þ=ð ffiffiffiffiffiffiffiffiffiffi
ΣiΣf

p
−

ffiffiffiffiffiffiffiffiffiffiffi
ΔiΔf

p Þ

and with the definitions

Σi ¼ Ei þ pi Δi ¼ Ei − pi

Σf ¼ Eτ þ pτ Δf ¼ Eτ − pτ: ðA5Þ

With these definitions,
ffiffiffiffiffiffiffiffiffiffi
ΣiΔi

p ¼ mτ. For neutrino scattering,
Δi ¼ 0 so Eqs. (A3) and (A4) recover Eqs. (A1) and (A2).
For high energies in electromagnetic scattering,

Ei > 107 GeV, numerical cancellations are best handled
by making a Taylor expansion of the expressions up to
order Oðm2=E2Þ. In this approximation, sz for τ EM
scattering is

sz ¼ −
1

2Fτ

�
W1

�
Q2 − 2Q2

min − 2m2
τ

þm2
τQ2

2E2
i

�
1þ 1

ð1 − yÞ2
��

þW2

�
2E2

i ð1 − yÞ −Q2

2

�
1þ m2

τ

2E2
i

�
2 − y
1 − y

�
2
���

ðA6Þ

for Q2
min ¼ m2

τy2=ð1 − yÞ. We approximate R ¼ 0, so

W1 ¼
Eiy
Q2

�
1þ Q2

y2E2
i

�
F2 ðA7Þ

W2 ¼
1

Eiy
F2; ðA8Þ

and

W1 ¼ W2 þ
E2
i y

2

Q2
W2: ðA9Þ

APPENDIX B: TAU SURVIVAL
AND NEUTRINO ENERGIES

As a cross-check to our Monte Carlo results, we have
compared the tau neutrino energy distribution frompolarized
tau decays (Pz ¼ −1) and unpolarized tau decays (Pz ¼ 0)
from initially monoenergetic taus incident in rock with an
approximate analytic evaluation. This approximate analytic
expression accounts for tau energy loss according to

	
dEτ

dX



¼ −ðαþ βEτÞ; ðB1Þ

where X is the column depth in g=cm2. We approximate the
tau neutrino energy distribution with

1

Γ
dΓðτ → ντÞ

dzν
¼ ðg0ðzνÞ þ Pzg1ðzνÞÞ ðB2Þ

where zν ¼ Eν=Eτ and the functions g0ðzνÞ and g1ðzνÞ are the
leptonic distributions [68,69]

g0ðzνÞ ¼
5

3
− 3z2ν þ

4

3
z3ν ðB3Þ

FIG. 7. Tau decay distribution as a function of zν ¼ Eν=Eτ. The
tau decay distribution as a function of zν for Pz ¼ −1, 0, 1
summed over all decay channels [solid line histograms, Eq. (4)]
[49] and for the purely leptonic decay channels with unit
branching fraction [dashed, Eq. (B2)].

ARGÜELLES, GARG, PATEL, RENO, and SAFA PHYS. REV. D 106, 043008 (2022)

043008-10



g1ðzνÞ ¼
1

3
− 3z2ν þ

8

3
z3ν: ðB4Þ

The purely leptonic decay channels give a distribution that
falls over the range from zν ¼ 0 to zν ¼ 1. For semileptonic
decays to ντ plus π, ρ, a1 and ð4πÞ, 1=Γ · dΓ=dzν ranges from
zν ¼ 0 to zmax

ν where zmax
ν ¼ 0.99, 0.81, 0.50 and 0.29,

respectively [56]. In the absence of Breit-Wigner resonance
smearing, this leads to 1=Γ · dΓ=dzν decreasing with steps at
each zmax

ν value.WithBreit-Wigner smearing implemented as
described in Ref. [57], the purely leptonic zν distribution is a
good approximation to the full neutrino distribution from the
sum over all of the decay channels [49], as shown in Fig. 7.
For high energy taus, we can neglect α and solve

Eq. (B1) assuming that β is energy independent to get

EτðXÞ ¼ Ein
τ expð−βXÞ; ðB5Þ

given Ein
τ , the energy at X ¼ 0. We approximate the energy

loss parameter β ¼ 0.85 × 10−6 cm2=g [53]. The differ-
ential survival probability is

dPsurv

dEτ
≃

mτ

cτβρE2
τ
Psurv; ðB6Þ

which can be solved for constant β to yield [70]

Psurv ¼ exp

�
−

mτ

cτβρ

�
1

Eτ
−

1

Ein
τ

��
: ðB7Þ

Thus, the differential survival tau probability is

dPsurv

dEτ
¼ mτ

cτβρE2
τ
exp

�
−

mτ

cτβρ

�
1

Eτ
−

1

Ein
τ

��
: ðB8Þ

The differential number of tau neutrinos is

dNντ

dz
¼ Ein

τ

Z
1

Eν=Ein
τ

dyν
zν

1

Γ
dΓ
dzν

×
dPsurv

dEτ
ðEτ ¼ Eν=zν; Ein

τ ÞNτðEin
τ Þ: ðB9Þ

Equation (B9) is used for the curves labeled “Analytical”
in Fig. 4.
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