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We present the first fully differential predictions for tau neutrino scattering in the energy region relevant
to the DUNE experiment, including all spin correlations and all tau lepton decay channels. The calculation
is performed using a generic interface between the neutrino event generator Achilles and the publicly
available, general-purpose collider event simulation framework Sherpa.
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I. INTRODUCTION

The tau neutrino is commonly considered to be the least
well-known elementary particle. The first experimental
direct evidence for tau neutrinos was provided about two
decades ago by the DONuT experiment [1]. Major limi-
tations on the data set came from a small cross section, the
large mass and short lifetime of the tau lepton, and the large
irreducible backgrounds. As of today, there are still very
few positively identified tau neutrino events from collider
based sources, with nine detected by DONuT [2], and ten
detected by OPERA [3]. The SuperK [4] and IceCube [5,6]
experiments have identified 291 and 1806 tau neutrino
candidates from atmospheric and astrophysical sources.
New experiments are expected to come online soon, among
them DUNE [7,8] and the IceCube upgrade [9], which will
improve the precision on the v, — v, appearance meas-
urement. These measurements will not have a signi-
ficant impact on the overall precision on the standard
oscillation analyses assuming Standard Model physics
[7,10]. However, it is still important to measure this channel
as precisely as possible, and constrain both the oscillations
and general properties of v, interactions on nuclei, since
improved constraints can be obtained when including the
tau channel [7]. The forward physics facility [11] will use
the large forward charm production rate at the LHC to
perform precision studies with collider neutrinos, including
approximately 10000 tau neutrinos. Ultra-high-energy
neutrino telescopes will set limits on v, self-interactions
(which are currently unconstrained [12]) and flavor ratios
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(which are an important observable to constrain new
physics [13]). With all of these novel experiments, the
tau neutrino data set is expected to grow quickly in the
coming years, creating new opportunities for measurements
and searches for physics beyond the standard neutrino
paradigm [14].

DUNE is especially important to the tau neutrino
program, since it will be the only accelerator-based experi-
ment able to collect and accurately reconstruct a sample of
oscillated v, charged-current (CC) events [15]. DUNE is
expected to record approximately 130 v, CC events per
year in CP-optimized neutrino mode, 30 o, events per year
in CP-optimized antineutrino mode and about 800 v, CC
events per year in tau-optimized neutrino mode before the
inclusion of efficiency and purity cuts [14]. To make the
most of these events, accurate theory predictions are
required. Furthermore, considering the staged approach
for DUNE, a reduction in systematic uncertainties asso-
ciated with the theoretical modeling is of even more vital
importance. One key observation to help separate the signal
from the irreducible background is the fact that the tau is
polarized, leading to correlations in the outgoing pions.
However, the produced outgoing tau lepton is not fully
polarized for DUNE energies [16,17]. Computational tools
that model both the intricate aspects of nuclear physics
involved in v-nucleus interactions and the effects of
polarized scattering and decay are vital for experimental
success [18]. The existing neutrino event generators GENIE
[19], Nuwro [20], NEUT [21], and GIBUU [22] generate v,
interactions in the same manner as v, and v, events.
However, they then assume that the outgoing 7 is purely
left-handed and simulate its decay with the help of TAuOLA
[23]. We want to note that while TAUOLA can handle
polarized 7 decays, the current set of generators do not keep
track of the spin information in their interfaces to TAUOLA.
We address this shortcoming by constructing an event
generator based on a state-of-the art nuclear physics model,
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in combination with a general-purpose tau decay simula-
tion including spin correlations between the production and
all subsequent decays.

Various theoretical calculations have also addressed
nuclear effects on the polarization of the tau in neutrino
scattering. However, the previous works either did not
include tau decays [16], or they only included the one-body
decay of the tau (i.e. 7= — v,z~) [17]. They demonstrated
the dependence of the nuclear effects on the polarization
and the impact on observables, respectively. Here, we
extend these studies to include all possible decay channels
of the tau, while maintaining complete polarization infor-
mation, and we provide a publicly available simulation
package to generate fully differential final states." The
calculation is performed using Achilles [24] to handle the
nuclear physics effects and Sherpa [25-27] to perform the
leptonic calculation and the decay of the tau. This interface
extends the one developed in Ref. [28], which also allows
to perform the calculation in nearly arbitrary new physics
models by means of FeynRules [29,30]. This is therefore the
first ever neutrino event generator to appropriately handle
the production and decay of the tau leptons, including all
possible decays and polarization effects. While the Achilles
generator only includes quasielastic scattering, it is impor-
tant to note that the polarization effects only depend on the
momentum of the final-state tau lepton and not the details
of the nuclear calculation. However, the cross section is
dominated by quasielastic scattering below 5 GeV and
resonance scattering between 5 and 7 GeV, while deep
inelastic scattering becomes dominant around 10 GeV
[31,32]. The DUNE FD tau neutrino flux peaks right near
the tau production threshold where quasielastic scattering is
the dominant production mechanism.

The outline of this paper is as follows. In Sec. II, we review
analytic results on the production and decay of the tau, with a
focus on the effects of nuclear physics and the high-energy
limit. The implementation of tau decays within the Sherpa
framework and the interface between Achilles and Sherpa is
described in Sec. III. Comparisons for purely left-handed and
the correct polarization is shown for various monochromatic
neutrino beam energies as well as for a realistic tau-optimized
DUNE neutrino flux in Sec. IV.

II. POLARIZATION IN TAU LEPTON
PRODUCTION AND DECAY

This section provides a brief overview of the main
analytic results on the effect of polarization in 7 decays
and production. The collinear limit, which provides both
theoretical insight and a useful benchmark for the vali-
dation of Monte Carlo simulations, is discussed in some

'"The Achilles version can be found at https:/github.com/
AchillesGen/Achilles/releases/tag/v0.2.0, and the Sherpa version
can be obtained at https://gitlab.com/sherpa-team/sherpa/-/tree/
achilles.

detail. Furthermore, the dependency of the polarization of
the 7 on the hadronic tensor is reviewed.

A. Tau decays in the collinear limit

The dominant decay channels of the 7 are into a single
pion, leptons, or into a vector-meson resonance. In these
channels, ignoring the decays of the vector mesons, the
distribution of the final-state momenta can be determined in
the collinear limit (i.e. |p,| — o). These results are useful
for the validation of more detailed theoretical predictions.

The rate of the zT — 7z Tv, decay in the rest frame of the
tau is given as [33]

LI

T dcosd, (zF > aFy,) = 2B,,(l + P, cos6,), (1)
where B, is the branching fraction of z+ — zTy,, P, is the
polarization of the z, and 8, is the angle between the pion
momentum and the tau spin axis, which coincides with the
7 momentum in the lab frame. For a purely right-handed
(left-handed) 7™, the polarization is P, = +1(—1). In terms
of the momentum fraction, x, = E,/E,, the polar angle is
given as

2x, — 1 — a?

pl-a?) ~

where a = m,/m, and f is the velocity of the 7. In the
collinear limit, f# — 1, and making the approximation
a = 0, one obtains

cosd, =

(2)

1 dr,
FT dxﬂ.’

(¥ > 7%v,) =B, (1 £P.(2x,—1)). (3)

In this limit, we obtain the prediction for the differential
decay rate shown in Fig. 1.

Additionally, for the case of leptonic decays in the
collinear and massless limit (m, = m, = 0) the tau decay
to leptons is the same for electrons and muons. The
differential decay rate is given by [33]

1ar,

1
T dx, (cF > Fuy,) = ng(l = x¢)((5 + 5xp — 4x7)

+ P.(1+x,—8x2)). (4)

where x, = E;/E_, and B, is the branching ratio into a
given lepton. The rate for leptons is shown in Fig. 1.

Similarly, the decays for the vector-meson decay modes
T — v, with v = p or a; were calculated in Ref. [33] and
the results are reproduced here for convenience. The
mesons are separated into the transverse and longitudinal
components in the calculation, since the decays p — 2z
and a; — 3z depend on the polarization of the vector
mesons. The angular distribution in the rest frame of the tau
is given as
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FIG. 1. The decay distributions vs the fractional momentum of

a given particle to the 7 momentum for a left-handed 7~ in the
collinear limit going to single pions (blue), p mesons (red), a,
mesons (purple), or leptons (green). The vector mesons (p and a;)
can be either transversely polarized (solid lines) or longitudinally
polarized (dashed lines). Additionally, the vector mesons are not
stable and the effects of their widths are included, which are set to
0.1474 and 0.420 GeV for the p and a; respectively. The
branching ratios are those given in Table I.

1 dr? m?

FW(T:F - ovfy) = va(l F P.cosd,),
(5)

1 dr% %m%

where again v = p or a;, B, is the branching ratio for
¥ - vTy,, and 6, is the same angle defined in the pion
case. It is important to note that for the case of the
longitudinal state the polarization dependence is the same
as Eq. (1), while for the transverse state the polarization
enters with the opposite sign. Therefore, if the polarization
of the vector meson is not measured, then Egs. (5) and (6)
need to be averaged. This suppresses the sensitivity to
the polarization of the tau by a factor of (m? —2m?2)/
(m? + 2m?), which is about 0.46 for the case of the p and
approximately 0.02 for the case of the a; meson.

In the case of the vector mesons, care has to be taken
when boosting to the lab frame since the polarizations are
not summed over. First, a Wigner rotation [34] is used to
align the spin axis. The angle of rotation is given in the
collinear limit by [33]

1—a*>+(1+a*)cosf

cosw = :
@ 1+a*+ (1-a*)cosé

(7)

where a = m,/m,. Rewriting in terms of the momentum
fraction (x, = E,/E,), the decay distributions can be
expressed as

1dr,
FT dxl}

= Bng<xv’m%)’ (8)

where @ = T or L and the expressions for H L are given in
Egs. (2.16) and (2.17) of Ref. [33] respectively. The results
for the decay distribution including the width for a left-
handed 7z~ decay are shown in Fig. 1. These distributions
provide the main analytic benchmark points for tests of our
Monte Carlo implementation.

B. Production of the tau lepton

The unpolarized differential cross section for the CC
interaction v,A — 7~ X can be expressed as the product of a
leptonic and hadronic tensor as shown in Ref. [28]. In the
case of a massive lepton, there are six nuclear structure
functions that appear in the hadronic tensor with an
associated Lorentz structure [17]

W/u/ PHPY €ﬂpy6P qs quqy
=—g"“W, +—5 Wy +i W w
ZMA g” 1+ Mi )+ 2Mﬁ 3+ Mﬁ 4
Plq" + P'q" P'q" - P*q"
ooz S ——az Ve ©)
2M3 2M3

where M, is the mass of the nucleus, P* is the
initial momentum of the nucleus, ¢* is the momentum
transfer, and €7’ is the fully antisymmetric tensor
with €123 = 41,

The unpolarized, longitudinal, and transverse compo-
nents for the production of the 7 can be expressed as
different linear combinations of the hadronic structure
functions, W;. These are given in Egs. (2), (5), and (6)
of Ref. [35] and are reproduced here for completeness:

m2 =
F_<mw+—gmya—mmm®
M2

2
my

+ Wz(El + |5l| COS@) — W5
M4

w R N
F M—3(EDE1 + |pi]* = (E, + E))| )] cos6), (10)
A

2

m >
P = :F<<2W1 —M72W4)(|P1| — E;cos0)
A

2

+ Wy (|pi| + Ejcos0) — Wsﬂcosa
My

W

% o (B B = (B, + |7)0s0) )/ F,
A

(11)
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2
Pr = Fm, sin9(2W1 — W, — L,
MA
El Eu
WL w F, 12
+ SMA:F 3MA>/ (12)

where E;,m;, p, are the outgoing lepton energy, mass,
and three-momentum, respectively. Additionally, 0 is the
outgoing lepton angle with respect to the neutrino
direction and E, is the energy of the incoming neutrino.
It is important to note that the above equations are
insensitive to the Wy structure function. Furthermore, the
structure functions W, and W5 are proportional to the
mass of the lepton and are only weakly constrained due
to the limited statistics on tau-neutrino-nucleus scattering.
The combination of both inclusive, differential rates, and
polarization information would provide valuable con-
straints on nuclear models used to describe neutrino-
nucleus interactions due to the different set of linear
combinations of structure functions that arise in each
observable [17]. Additionally, DUNE will be the first
experiment to provide measurements of the W, and Wi
structure functions in the quasielastic region, directly
testing the partially conserved axial current and the pion-
pole dominance ansatz [14].

III. MONTE CARLO SIMULATION

In this section we review our approach to the simulation
of the scattering and decay processes. We make use of
the fact that the reaction factorizes into a leptonic and
a hadronic component. We employ the neutrino event
generator Achilles [24] to handle the nuclear physics
effects and the general-purpose event-generation frame-
work Sherpa [25—27] to perform the leptonic calculation and
the decay of the tau. The Sherpa framework includes two
modules to simulate decays of unstable particles: one for
prompt decays of particles produced in the hard scattering
process perturbatively, and one for the decay of hadrons
produced during the hadronization stage of event gener-
ation. The tau lepton plays a special role, as it can be
produced in the hard scattering process, but is the only
lepton that can decay into hadrons. For a good modeling of
tau decays and also for the hadronic decay modes we thus
employ the hadron decay module [36,37]. It enables us to
use elaborate form factor models, accurate branching
fractions for individual hadronic final states, and spin
correlation effects for the decaying tau lepton. We briefly
describe these features in the following.

A. The decay cascade

With the observed tau decay channels by the Particle
Data Group [38] accounting for roughly 100% of the tau
width, we use these values directly for the simulation by
choosing a decay channel according to the measured

branching fractions. This can include fully leptonic decay

channels as well as decays into up to six hadrons.
Matrix elements are used to simulate the kinematical

distribution of the decay in phase space. In the case of weak

tau decays, these matrix elements will always contain a

leptonic current L\ """ involving the 7 and v, leptons, and

a second current involving either another lepton pair or
hadronic decay products. Due to the low tau mass and the
low related momentum transfer Q% < m3,, the W propa-
gator between these currents can be integrated out into the
Fermi constant

Gr (r-v,)
M=—L, "TJ" 13
\/i i ( )

For currents J# involving hadronic final states, these matrix
elements cannot be derived from first principles, but
are instead based on the spin of the involved particles
and include form factors to account for bound-state effects
and hadronic resonances within the hadronic current in
particular.

B. Form factor models in hadronic currents

While the current for the production of a single meson is
trivial and determined fully by the meson’s decay constant,
the currents in multiple-meson production can contain
resonance structures. For example, in the production of
pions and kaons the main effects stem from intermediate
vector mesons with a short lifetime, like p or K*. In the
Sherpa simulation, the currents are thus supplemented with
form factors that parametrize these effects using one of two
approaches [36]. Below we highlight these two different
approaches currently implemented in Sherpa.

The Kiihn-Santamaria (KS) model [39] is a relatively
simple approach modeling resonances based on their Breit-
Wigner distribution. Multiple resonances can contribute to
the same current and are weighted with parameters that are
fit to experimental data. The width in the Breit-Wigner
distribution is calculated as a function of the momentum
transfer.

Another approach for the form factor is based on
resonance chiral theory [40], an extension of chiral per-
turbation theory to higher energies where resonances
become relevant. Also here an energy-dependent width
is used for the implementation of the resonances. This form
factor model is superior for final states dominated by one
resonance but cannot model multiple resonances. It will
thus yield significant differences with respect to the KS
model for any channel where the lower-lying resonances
are kinematically suppressed, e.g. two-kaon production.

C. Spin correlations

The implementation of spin correlations in the
Monte Carlo simulation of particle decays was described
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in detail in Ref. [41]. This algorithm uses spin-density
matrices to properly track polarization information through
the decays. Here we summarize only its main features.
First, the matrix element is evaluated for all possible spin
states for the initial and final states (M, .,.;, ., ), where k;
is the spin of the ith incoming particle and 4; is the spin of
the jth outgoing particle in a 2 — n scattering process. The
matrix element squared involved in the calculation of the
differential cross section can be obtained as

1 2 * i
pklk’lpKZK’ZMKle;/ll -~%MK’K’ VA H Dﬂ,ﬂ;’ (14)

1%2 .
i=1,n

where pi , is the spin-density matrix for the incoming

particles and D' ,, is the spin-dependent decay matrix for

2,
the outgoing particles. Before any decays occur, the decay
matrix is given as D , = §, » and the spin-density matrix

is given as p! , = %5,@_,& for unpolarized incoming par-
ticles. Second, one of the unstable final-state particles is

selected at random to decay and the spin-density matrix is
calculated as

1 4
— 1 2 * Di
pﬂj}»} - Np pKIK/lpKZK’zMKIKZQ/{l~<-/1nMKl1K/2;ﬂ/]...l;, | | Ak (15)
i#]

where N, is a normalization factor to ensure that the trace
of the spin-density matrix is one. The decay channel is then
selected according to the branching ratios and the new
particle momenta are generated according to

* i
pAOA(’)MAO;il...ﬂkM%;y],“,12 HDML’ (16)

i=1.k

where 4 is the helicity of the decaying particle and 4, is the
helicity of the decay products. If there are any unstable
particles in the above decay, they are selected as before and
a spin-density matrix is calculated and the process is
repeated until only stable particles remain in the given
chain. At this point, the decay matrix is calculated as

1 :
D = N_DM’%J"“’“'M‘MW% H D}y (17)

i=1,n

where N is chosen such that the trace of the decay matrix
is one. Then another unstable particle is selected from the
original decay and the process is repeated until the first
decay chain ends in only stable particles. At this point,
the next unstable particle is selected in the hard process and
the above procedure repeats. Once there are only stable
particles left, the procedure terminates.

D. Achilles-Sherpa interface

Employing a dedicated version of the general-purpose
event generator Sherpa [25—27], we construct an interface to
the Comix matrix element generator [42] to extract the
leptonic current. This interface has been described in detail
in Ref. [28]. In order to provide the hard scattering
amplitudes, M, .., , , needed for the spin correlation
algorithm in Sec. IIIC, we make use of the methods
developed in Ref. [43]. This allows us to extract a spin-
dependent leptonic current from Comix, which can be
contracted with the hadronic current obtained from Achilles.
Schematically this can be written as

MKth;ihﬂl---ﬂn = gﬂUZLilb{ﬁ,...ﬂn Wl(cl);l:{,, g (18)

where we have extended the notation of Ref. [28] to include
spin labels. As the spin states of the initial- and final-state
hadrons are not observed experimentally, they can be
averaged and summed over, leading to the final expression

*
MKu A Ay MK’” ;/1; A

1 (i) Ay . N
— I (i")u (i (i)W
= 2 9w ZLKH;AI...A,, L. Wiy, Wy O, O -
2 — 1 h"h

1,1

(19)

The resulting tensor is inserted into the event record of
Sherpa and used to seed the event-generation algorithms
described in Refs. [36,43], which accounts for all spin
correlations along all decay chains. We note that this
procedure is independent of the physics model for the
short-distance interactions, and that arbitrary beyond-
Standard-Model scenarios can easily be implemented by
providing the corresponding UFO output [44] of
FeynRules [29,30].

IV. RESULTS

We consider the scattering of a tau neutrino off an argon
nucleus through the use of a rescaled carbon spectral
function for both a monochromatic beam (for validation)
and for a realistic flux at DUNE. For this study, we focus
only on the quasielastic region for the nuclear interaction,
as implemented in Ref. [24], and we neglect final-state
interactions. When considering only hadronic decays of the
tau, final-state interactions will modify the two- and three-
pion distributions. This modification is due to the fact that
pions can be produced by final-state interactions. However,
the tau will decay outside the nucleus and therefore would
not modify the single-pion channel. Investigating the size
of the changes is left to a future work. The analysis of the
events is performed using Rivet [45,46].% For reference, all

The analysis code can be downloaded from [47].
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TABLE 1. Decay channels of the tau lepton with branching
fractions greater than 0.5%. All other channels are grouped into
the “other” category.

Decay mode Branching ratio (%)

Leptonic decays 35.21
e v, 17.85
WD, 17.36
Hadronic decays 64.79
v, 25.50
U, 10.90
71'+71'_J7,'_l/ 9.32
7’7, 9.17
ata a2, 4.50
1’772, 1.04
K v, 0.70
atan %20 0.55
Other 3.11

tau lepton decay channels with a branching ratio above
0.5% are given in Table I. However, all possible decays are
actually included in our simulation.

The spectral function used in this calculation was
obtained within the correlated basis function theory of
Ref. [48]. Electron scattering data is used to constrain the
low-momentum and low-energy contributions in the mean-
field calculations. The correlated component is obtained
within the local density approximation. The normalization
of the spectral function is taken as

dk Z, h=p,
/(2’)1 dES,(k,, )_{A—Z L (20)

where kj, is the momentum of the initial nucleon, E is the
removal energy, S, is the spectral function, and Z(A)
denotes the number of protons (nucleons) in the nucleus.

In this work, we consider the Kelly parametrization for
the electric and magnetic form factors [49], and use a dipole
axial form factor with g4 = 1.2694 and M, = 1.0 GeV.
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Additionally, the pseudoscalar form factor is obtained
through the use of the partially conserved axial current
ansatz and assumptions about the pion-pole dominance, i.e.

2mN

Fp(Q%) = FoLa— FA(QZ), (21)
where F4 is the pseudoscalar axial form factor, my, m, are
the masses of the nucleon and pion, respectively, Q% = —g?

is the four-momentum transfer, and F* is the axial form
factor.

A. Monochromatic beam

In order to validate our results, we first consider
monochromatic beams. We compare our calculations to
the results from Ref. [17] for the single-pion production
channel. In that work, the authors looked at beam energies
of 3, 4, 6, and 10 GeV. We consider the same energies.
While the traditional threshold for tau production is
considered to be a beam energy of 3.4 GeV, this does
not take into account the initial momentum of the neutron
in the nucleus. Appendix A evaluates the threshold for tau
production while taking into account Fermi motion and the
binding energy of the nucleus. However, instead of the
momentum of the outgoing pion, we analyze the momen-
tum fraction of the outgoing pion (x, = |p,|/|P-|). This
allows us to include multiple neutrino energies in the same
plot. The results from Achilles + Sherpa are shown in
Fig. 2, with the appropriate handling of the tau polarization
on the left and assuming the tau to be purely left-handed on
the right. From this, we see that our results are consistent
with those from Ref. [17]. Additionally, we see that as the
neutrino energy increases the results approach those found
in Fig. 1 for the collinear limit, as expected.

We next consider the decays of the tau into the
two-pion and three-pion states, which are dominated
by the decay chains 7~ = v,p (p~ = z72%) and 77 —
veay(ay = n~n~nt or ay — n~7°7%) respectively.

For the case of the p channel, we analyze the momen-
tum fraction of the hadronic system (x, = |p,|/|p.|) as

2._LTTT‘TTTT‘TTTT‘TTTT‘TTTT‘TTTTTTTTTTTTTTTTTTTL
+ . wiwin E, =3 GeV -
L E, = 4 GeV
15 © E,=6GeV
E, =10 GeV
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X
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o
[}

FIG. 2. Momentum fraction of the outgoing pion for 7~ — z~v, decays of various incoming neutrino energies. Results are shown for
the full polarization calculation on the left and the left-handed polarization approximation (P! = 1, P1. = 0) on the right.
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well as the momentum fraction of the z~ with respect
to the p (z, = |p,-|/|P,))- The results are shown in
Figs. 3 and 4 respectively. Again, the full calculation
is on the left of each plot and the assumption of a
purely left-handed tau is on the right. We can see that
there is a significant impact from including the correct
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polarization in the calculation. In the case of the p
momentum fraction, we see that our results approach the
transverse curve for the p from Fig. 1 as E, increases.
This is expected since we are summing over the polar-
izations of the p, which are dominated by the transverse
polarization.
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Momentum fraction of the z" 7=z~ system for = — n* 2~z v, decays of various incoming neutrino energies. Results are

shown for the full polarization calculation on the left and the left-handed polarization approximation (P = 1, PL. = 0) on the right.
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0720y, decays of various incoming neutrino energies. Results are
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As mentioned in Sec. IT A, summing over the polar-
izations of the a; removes any sensitivity to the polarization
of the 7. Therefore, the @; momentum as a fraction of the =
momentum (x,, = |p,, |/|P.|) should not show any differ-
ence between the full calculation and the left-handed only
calculation. This is supported by Figs. 5 and 6, with the left
and right panels being statistically consistent with each
other. Figure 5 shows the decay to the z" 7~z final state
and Fig. 6 shows the decay to the 7~ z°z° final state.
Furthermore, the curves approach the result of the collinear
limit as E, increases, as seen by comparing to the transverse
a; curve of Fig. 1.

Finally, we consider the leptonic decay channel. Here we
focus on the decays to electrons due to the possible
experimental relevance at DUNE for v, detection, but note
that up to corrections from the muon mass and the differ-
ence in the branching ratios the predictions would be

|

Am3; =7.50 x 107 eV2,
sin, = 0.318, sind; = 0.574,

TTTTTTTTTTTTTTTTTTTTTTTTTTTT‘TTTT‘TTTL

18 T

identical. The comparison for various neutrino energies is
given in Fig. 7. Again, we can see a difference between the
full calculation in the left panel and the purely left-handed
calculation in the right panel. The latter result approaches
the expected prediction for large E, as shown in Fig. 1.

B. Realistic beams

To investigate the impact of spin correlations in a more
realistic setting, we consider the z-optimized flux mode for
the DUNE experiment [8,50]. While DUNE will also have
a significant number of events from atmospheric neutrinos,
the impact of correctly modeling the tau polarization will be
negligible due to the significantly higher-energy neutrinos
involved. The oscillated far detector flux is shown in Fig. 8.
The oscillation parameters are fixed to the values from the
global fit [51]:

Am3, =2.55 x 1073 eV?,

sin?y = 0.0220,  5¢p = 1.081.
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FIG. 7. Momentum fraction of the outgoing electron for 7= — e~v,U, decays of various incoming neutrino energies. Results are

shown for the full polarization calculation on the left and the left-handed polarization approximation (PY = 1, PT = 0) on the right.
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fluxes are obtained from Refs. [8,50].
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The results are given using the flux-averaged cross section,
defined as

_ JAE,®(E,)o(E,)
a del/Q(El/) ’

(o)

where ®(E,) is the neutrino flux and ¢(E,) is the neutrino
energy dependent cross section.

While all possible decay channels are implemented, we
consider here only those most affected by correctly
handling polarization. Furthermore, only decay channels
with sufficiently large branching ratios such that the
differences are experimentally relevant are shown.

We first consider the single-pion decay channel, since it
is an easy channel to reconstruct at DUNE and liquid-argon
time-projection chambers have a very high charged pion
reconstruction efficiency and energy measurement. The
results of the calculation are shown in the left panel of

(22)
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FIG. 9. Momentum fraction distribution for the decay of the 7 into a single pion is shown on the left and momentum fraction
distribution for the decay into an electron is shown on the right. The full polarization handling is shown in red with the approximation
that the 7 is purely left-handed in blue. The predictions are folded over the DUNE far-detector flux running in the z-optimized mode

given in Fig. 8.
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The predictions are folded over the DUNE far-detector flux running in the z-optimized mode given in Fig. 8.

Fig. 9. Here we see that in the full calculation, the outgoing
pion tends to be more energetic than in the fully left-
handed case.

The case of leptonic decays is shown in the right panel of
Fig. 9, and is calculated in the massless limit for both the
electron and the muon. In this case, the two decays are
identical. The effect of including the full polarization
information makes the outgoing lepton softer compared
to the fully left-handed calculation. The chance of detecting
the muon channel is extremely difficult, due to the large v,
flux, creating a significant irreducible background from v,
NClz events, which are indistinguishable from v, events.
There is a chance to detect the electron channel due to the
low v, flux at the far detector as seen in Fig. 8.

Another interesting decay channel to consider is the two-
pion final state, which has the largest branching fraction of
all decay channels. For this decay channel, we consider the
momentum of the sum of the two pions as a fraction of the 7
momentum (x,,) and the momentum of the negatively
charged pion as a fraction of the momentum sum (z,).
Figure 10 shows the difference between the full calculation
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FIG. 12. Energy of the leading pion in v,A — tp(A—1)
events, in which all possible decays of the 7z are included only
considering CCQE events. These results do not include the
production of pions from the intranuclear cascade.

in red and the fully left-handed approximation in blue. In
the case of the x,, distribution, the total momentum is
harder in the full calculation compared to the left-handed
assumption. Additionally, there is a significant difference in
z, between the full calculation and the left-handed-only
calculation. The full calculation is relatively flat over the
full range, while the left-handed only calculation is peaked
around 0.6. This shift is significant, and will be important
for any detailed study using the two-pion channel to detect
tau neutrino events.

The last decay channel considered in this work is the
decay to three pions. In this case, the decay is dominated by
the a; meson as discussed in Sec. II A, and since we are not
separating out the a; polarization it should not be sensitive
to the polarization of the z. This can be seen in Fig. 11,
where the decay a; — 7°72°7~ can be seen on the left and
the decay a; — n" 7"z~ can be seen on the right. The full
calculation and the left-handed-only calculation are sta-
tistically consistent with each other, as expected.

Finally, we perform the analysis proposed in Ref. [18] by
considering the energy of the leading pion. The comparison
between the full calculation and the left-handed polariza-
tion assumption is shown in Fig. 12. There is a shift in the
energy distribution of the pion when correctly handling the
tau polarization, making the pion slightly harder. The study
of the impact of this in the separation from the neutral-
current background and other systematic effects is left to a
future work. Since the final-state interactions are turned off
in this analysis, the other distributions given in Ref. [18]
would not be accurate. Therefore, they are not included
here but will be included in a detailed study on separating
the 7 decays from the background.

V. CONCLUSIONS

Due to the limited number of identifiable tau neutrino
events, the tau neutrino is typically considered the least
understood fundamental particle in the Standard Model.
Current and next-generation experiments will collect a
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large number of tau neutrino events, opening the door to a
detailed study of this particle.

One of the most important experiments for studying the
tau neutrino will be the DUNE experiment. It will be the only
experiment using accelerator neutrinos for measuring prop-
erties of the tau neutrino. At DUNE energies, the quasielastic
scattering component is the dominant contribution [31]. In
this energy region, there is an irreducible background from
neutral-current resonance interactions. Therefore, it is vital to
understand the most optimal way to separate the signal from
the background. Traditionally, in neutrino event generators
the outgoing 7 is assumed to be fully left-hand polarized. This
assumption is poor for DUNE energies due to the flux being
largest near the threshold for z production, leading to a
significant contribution from right-handed components. Due
to the staged approach now planned for DUNE, it becomes
vital to perform a dedicated study to investigate the impact
proper simulation will have on the overall sensitivity for tau
neutrino measurements.

In this work, we demonstrated the appropriate way of
calculating the polarization of the tau and propagating this
information through the full decay chain within an event-
generator framework. The simulations were performed with
a publicly available version of Achilles interfaced with Sherpa.
While these calculations are only for CC quasielastic
(CCQE) and do not include final-state interactions, the
overall impact of the tau polarization is controlled by the
momentum of the outgoing tau lepton and not the details of
the nuclear physics. The final-state interactions may result in
shifts in the two- and three-pion distributions due to incorrect
pairings for reconstruction of the tau. The size of this effect is
left to a future work. For validation, we showed that the
distributions for single-pion decays of the tau are consistent
with Ref. [17] for monochromatic beams. We additionally
showed strong shifts in the momentum distributions for the
two-pion decay channel and found insignificant shifts (as
expected) in the three-pion decay channels from the fully left-
handed assumption. We also considered the decay in the
leptonic channel, and found a slight shift when correctly
handling the polarization.

While the study with monochromatic beams allows for
validation of the calculation, all current and future experi-
ments have a broad spread in the neutrino energies. We
therefore investigated the changes in the same distributions
integrated over the z-optimized running mode for DUNE.
Again we found significant changes from the traditional
fully left-handed assumption in the lepton, single-pion, and
two-pion channel. As expected, there were no significant
modifications in the three-pion channel.

Finally, while the distributions shown here demonstrate
the importance of properly handling the polarization of the
tau, they are not necessarily the optimal variables for
separating the tau from the neutral-current background.
The investigation of how to optimally separate the CC tau
neutrino interactions from the Standard Model background
is left to a future work.
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APPENDIX A: TAU PRODUCTION THRESHOLD

When calculating events with a massive lepton in the final
state, care has to be taken to ensure that there is enough
energy to produce the particles. In the case of tau neutrino
CC events, the minimum invariant mass of the final-state
particles in a CCQE event is given as s, = (m, + my)?,
where m, is the tau mass and my is the nucleon mass.
When considering neutrino scattering on a nucleon within a
nucleus, the initial-state momenta are given as

pl/ - {ED,O, 07 Ey}7 (Al)

pn =A{Ey.=Px. =Dy =Dz} (A2)
where we have taken the neutrino of energy E, to be along the
z axis, and the nucleon to have an arbitrary momentum with
the z component in the opposite direction. Since the nucleon is
bound within the nucleus, the on-shell condition (p3, = m%,)
does not hold, and we define the energy to be given as
Ey = my — E,, where Ej, is the binding energy. The mini-
mum neutrino energy required for tau lepton production is
thus given by

6.0 T T T T T T T
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v

E

3.5
3.0
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FIG. 13. The minimum required neutrino energy to produce a
tau lepton final state as a function of the initial-state nucleon
momentum along the neutrino beam direction with with the
transverse components set to zero for various binding energies.
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(my +m,)* — (EY — p3 — p; — p?

E{/nin —
2(EN + pz)

(A3)

Including the p, and p, component will increase the
minimum amount of energy required, so to find the absolute
threshold we can consider the nucleon to be antiparallel with
the neutrino (i.e. p, = p, = 0). The minimum neutrino
energy as a function of p, is given in Fig. 13 for various
binding energies. It is important to note that taking into
account the momentum of the initial nucleon decreases the
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overall threshold to produce tau leptons. However, the
contribution to the total rate from this region is significantly
phase space suppressed, but nonzero.

APPENDIX B: ADDITIONAL DISTRIBUTIONS

In the following appendix, we show an additional set of
observables that would be more easily measurable exper-
imentally. In this work we only focus on only pion final
states. The analysis can be found in Ref. [47], and includes
distributions with final states that are not exclusively pions.
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FIG. 14. The momentum of the nth most energetic pion. The red curve represents appropriately handling the polarization of the tau,
while the blue line represents the assumption of a purely left-handed tau. The upper left plot corresponds to the leading pion, the upper
right corresponds to the second most energetic pion, the middle row consists of the third and fourth most energetic pions, and the last row

contains the distribution for the fifth most energetic pion.
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lepton. In all the plots, the red curve corresponds to the full calculation taking the polarization into consideration, while the blue curve

corresponds to the purely left-handed approximation.

1. Inclusive distributions

For the inclusive distributions, we consider all events
with at least one pion, including events with other mesons
involved such as kaons and etas for example. For these
distributions, we include the momentum of the nth most
energetic pion, shown in Fig. 14. We show the distributions
up to the fifth most energetic pion.
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FIG. 16. The distribution of the momentum of the pion for the
decay channel 7 — zv, is shown. The results with the purely left-
handed approximation are given in blue, while the full calculation
is given in red.

In Fig. 14, we see that the effect of including the pion
polarization is most important for the leading pion, and
becomes less important as we consider less energetic pions.

Additionally, we consider the angle of the most ener-
getic pion with respect to the neutrino beam direction, the
angle between the leading and subleading pions, and the
angle between the most energetic pion and the tau lepton.
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FIG. 17. The distribution of the angle of the pion with respect to
the neutrino beam for the decay channel ¢ — v, is shown. The
results with the purely left-handed approximation are given in
blue, while the full calculation is given in red.
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FIG. 18. The distribution of the angle of the pion with respect to

the tau lepton for the decay channel 7 — zv, is shown. The results
with the purely left-handed approximation are given in blue,
while the full calculation is given in red.

These results are shown in Fig. 15. In this set of angular
distributions, we do not see any strong correlation in how
the tau polarization is handled. More complex angular
distributions and the impacts on isolating tau events from
the backgrounds are left to a future work.

2. Single-pion distributions

Next, we consider the case of events with only a pion in the
final state, i.e. ¢ — zv,. We investigate a few distributions
that can be constructed by showing the impact of properly
handling the polarization of the tau. In Fig. 16, the momen-
tum of the single pion is shown. Here we can see a significant
difference between the case for the purely left-handed
calculation and the full calculation. Additionally, in
Figs. 17 and 18, we investigate the effects in the angle of
the pion with respect to the neutrino beam and with respect to
the tau lepton respectively. In both cases, we see a significant
shift from the approximate calculation to the full calculation.

The effects shown here will have important conse-
quences for the performance of DUNE in detecting tau
neutrino events. The exact effects require a detailed
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modeling of the background, along with detector simu-
lation and cuts. Furthermore, it would involve investigating
correlations between observables to optimize the selection
criteria. Due to these complex factors, this investigation is
left to a future work.

3. Two-pion distributions

Furthermore, we investigate the case of events with
exactly two pions in the final state, i.e. 7 — zzy,. We
consider the same set of observables as in the single-pion
case plus a few additional observables that can only be
constructed with multiple pions. In Fig. 19, the momentum
of the leading and subleading pions are shown. Here we can
see a significant difference between the case for the purely
left-handed calculation and the full calculation for the
leading pion, and a less significant impact on the sublead-
ing pion. Additionally, in Figs. 20 and 21, we investigate
the effects in the angle of the leading pion, subleading pion,
and the two-pion system with respect to the neutrino beam
and with respect to the tau lepton respectively. In the
aforementioned distributions, the left-hand only and the full
calculation have negligible differences. Finally, we con-
sider the opening angle between the two pions in Fig. 22,
and find no significant impact on the observable from
appropriately handling the spin correlations.

Again, the shift in the momentum distributions is
significant and will have an impact on the results of
DUNE. The exact effect that would result from this shift
involves a detailed comparison and additional investiga-
tions into the optimal separation of the signal from the
background. For these reasons, this is left to a future work.

4. Three-pion distributions

Additionally, we investigated the case of events with
exactly three pions in the final state, i.e. 7 - zzzr,. We
consider the same set of observables as in the two-pion
case, but with the additional combinations that can be
constructed with three pions. In Fig. 23, the momentum of
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FIG. 19. The distributions of the leading (left) and subleading (right) momentum of the pion for the decay channel 7 — zzv, are
shown. The results with the purely left-handed approximation are given in blue, while the full calculation is given in red.
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The distributions of the leading (left) and subleading (right) pion angle with respect to the tau lepton for the decay channel
7 — mrv, are shown. Additionally, the angle between the two pions and the tau lepton is shown in the bottom. The results with the purely
left-handed approximation are given in blue, while the full calculation is given in red.
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FIG. 22. The distribution of the opening angle between the two
pions for the decay channel 7 — zzv, is shown. The results with
the purely left-handed approximation are given in blue, while the
full calculation is given in red.

the leading, subleading, and sub-subleading pions are
shown. Here we can see no significant impact on the
distributions for any of the pions. Additionally, in Figs. 24
and 25, we investigate the effects in the angle of the leading
pion, subleading pion, sub-subleading pion, and the three-
pion system with respect to the neutrino beam and with
respect to the tau lepton respectively. In the aforementioned

distributions, the left-hand only and the full calculation
have negligible differences. Finally, we consider the open-
ing angle between all possible combinations of pions in
Fig. 26, and find no significant impact on the observable
from appropriately handling the spin correlations.

In this case, the shift in all the distributions is not very
significant. However, there may be higher-dimensional
correlations between the observables that can be exploited
through the use of tools like machine learning. Obtaining the
separation between signal and background and the exact
impact of using the full calculation are left to a future work.

5. Four-pion distributions

Finally, we investigate the case of events with exactly four
pions in the final state, i.e. 7 — zzzzy,. We consider the
same set of observables as in the two- and three-pion cases,
but with the additional combinations that can be constructed
with four pions. In Fig. 27, the momentum of the leading,
subleading, sub-subleading, and sub-sub-subleading pions
are shown. Here we can see no significant impact on the
distributions for any of the pions. Additionally, in Figs. 28
and 29, we investigate the effects in the angle of the leading
pion, subleading pion, sub-subleading pion, sub-sub-
subleading pion and the four-pion system with respect to
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FIG. 23. The distributions of the leading (upper left), subleading (upper right), and sub-subleading (bottom) momentum of the pion for

the decay channel 7 — zzzv, are shown. The results with the purely left-handed approximation are given in blue, while the full

calculation is given in red.
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pions (upper right), leading and sub-sub-subleading pions (middle left), subleading and sub-subleading pions (middle right), subleading
and sub-sub-subleading pions (bottom left), and sub-subleading and sub-sub-subleading pions (bottom right), for the decay channel
7 — nannav, are shown. The results with the purely left-handed approximation are given in blue, while the full calculation is given in red.

the neutrino beam and with respect to the tau lepton
respectively. In the aforementioned distributions, the left-
hand only and the full calculation have negligible differences.
Finally, we consider the opening angle between all possible
combinations of pions in Fig. 30, and find no significant
impact on the observable from appropriately handling the spin
correlations.

In this case, just like the three-pion case, the shift in
all the distributions is not very significant. However,
higher-dimensional correlations may exist. These cor-
relations may be found through the use of tools like
machine learning. Finding the correlations and optimi-
zing the signal vs background selection are left to a
future work.
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