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angular distributions of the tau decay visible products. These distributions depend, in addition to
d?0 /(dE;dcosf;), on the components of the tau-polarization vector. We give, for the first time,
the general expression for the outgoing hadron (pion or rho meson) energy and angular differential
cross section for the sequential v;Az — T~ (7T v, p V)X and V; Az — T (7D, pT ;)X reactions.
Though all possible nuclear reaction mechanisms contribute to the distribution, it may be possible to
isolate/enhance one of them by implementing appropriate selection criteria. For the case of the quasi-
elastic reaction off oxygen and neutrino energies below 6 GeV, we show that the pion distributions are
quite sensitive to the details of the tau-polarization components. We find significant differences between
the full calculation, where the longitudinal and transverse components of the tau polarization vector
vary with the energy and the scattering angle of the produced tau, and the simplified scheme in which
the polarizations are set to one and zero, being the latter their respective asymptotic values reached in
the high energy regime. In addition to its potential impact on neutrino oscillation analyses, this result
can be used to further test different nuclear models, since these observables provide complementary
information to that obtained by means of the inclusive nuclear weak charged-current differential cross
section. We also study the effects on the cross section of the W4 and W5 nuclear structure functions,
which contributions are proportional to the charged lepton mass, and therefore difficult to constrain in
muon and electron neutrino experiments.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The outgoing t-lepton produced in v; and v; charged-current (CC) nuclear interactions are not fully polarized for a wide range of
energies. Within the Standard Model (SM), the tau polarization component perpendicular to the lepton scattering plane is zero [1,2], while
the tF longitudinal and transverse polarizations within this plane do not vanish, being sensitive to independent combinations of nuclear
structure functions [3,4]. Thus, these observables can be used to further test different nuclear models, since they provide complementary
information to that obtained by means of the inclusive nuclear CC differential cross section.

Longitudinal and transverse tau polarization projections have been previously computed in the quasi-elastic (QE) region, in which the
single nucleon knock-out is the dominant reaction mechanism. The pioneering work of Ref. [3] considered the nucleus as an ensemble
of free nucleons, and predictions were substantially improved in Ref. [5], with the inclusion of Random Phase Approximation (RPA) and
effective nucleon mass effects. More robust theoretical results were presented in [4], and in particular in [6], for neutrino energies below
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Fig. 1. Sequential v; Az — T~ (w ~ vy, p~ V)X nuclear reaction.

10 GeV, by using realistic spectral functions.! Recently, the effects on the v; +n — 7~ p and D;p — tTn CCQE scattering of different
parametrizations of the isovector vector, axial-vector and pseudoscalar form factors together with the use of second class currents with
time-reversal invariance have been analyzed in Ref. [8]. The cross section for v;/v; scattering off nuclei and the polarization state of
the outgoing T+ were also studied in [3] for A resonance production and deep inelastic scattering (DIS) processes, within the simplified
picture for the nucleus employed in that work. A more rigorous treatment of the nuclear medium effects in the DIS region is presented in
Ref. [9], where the authors have obtained results for the scattering cross sections in “9Ar in the energy region of interest for the proposed
DUNE experiment [10].

The t lepton decays rapidly (with a mean life of 2.9 x 10713 s) and its disintegration involves at least one neutrino that escapes
detection. This makes its clear identification very challenging posing a serious problem to the experimental measurement of the inclusive
nuclear vy (V;)Az — TTX differential cross section d2c /(dE;dcos6;). Moreover, the polarization state of the outgoing tau cannot be
directly measured.

The information about the 7 lepton polarization should be inferred from the energy and angular distributions of its decay visible
products. The study of these distributions and their relation to the components of the tau-polarization vector and to d?c /(dE.d cos6;) is
precisely the main objective of this work. We give, for the first time, the general expression for the outgoing hadron (pion or rho meson)
energy and angular differential cross section for the sequential v;Az — T (T vy, p V)X and DAz — TH (T, pTU;)X reactions
(see Fig. 1). We show that such a distribution, given in Eq. (10), depends on the tau inclusive nuclear CC differential cross section and the
longitudinal and transverse polarization observables integrated, with certain dynamical weights, over the outgoing 7 available phase space.
All possible nuclear reaction mechanisms contribute to the d?oy/(dE4d cos6y) visible distribution (where d = 7, p). However, depending
on the neutrino energy and implementing appropriate event selections, it may be possible to isolate/enhance the contribution of different
(anti-)neutrino-nucleus reaction channels (QE, 2p2h, coherent and incoherent pion production, DIS, etc.) within some regions of the visible
(E4, cosfy) phase-space.

Since in the E, >> m; high energy limit the outgoing t leptons are produced in fully polarized states, the interesting energy region
to learn details on the polarization observables is limited to the values of E,, < 10 GeV. This energy range can be studied by the DUNE
oscillation experiment [10], although the measurement is demanding because of low statistics and the contamination of the sample by
neutrino’s neutral-current (NC) interactions. For these relatively moderate energies of interest, we want to illustrate the visible distributions
that can be obtained and to emphasize on the relevance of a non-trivial tau-polarization vector. To this end we show results for the pion
mode in oxygen, assuming a pure QE-reaction mechanism evaluated within the model derived in Ref. [11]. We find significant differences
in the pion distributions between the full calculation, where the tau longitudinal and transverse polarization components depend on the
nuclear model, and the simplified scheme in which they are set to one and zero (their respective asymptotic values reached in the high
energy regime). Even if the direct determination of these distributions might be beyond the capabilities of next generation experiments,
having their best theoretical values could be very relevant in the analysis of certain experiments. For instance, the expected sizeable
contribution of low energy v;’'s in the oscillated samples of the DUNE experiment [10] might affect the precision of the oscillation
parameters since the momentum and angular distributions of the pions, but also of the muons and electrons from the tau leptonic decays,
will influence the ability of the experiment to control the backgrounds at the far detector.

This work is organized as follows. In Sec. 2 we discuss the inclusive v; (V;)Az — TTX cross sections in terms of the structure func-
tions, which provide a general parametrization of the nuclear hadron tensor. We also introduce the ¥ polarization vector and give the
expressions of their components as a function of the structure functions. In Sec. 3, we present the master formula for the cross section
of the v;Az — T (T Ve, p V)X and DAz — T (i, pT U)X sequential processes. Results for the CCQE contribution evaluated in
oxygen at different (anti-)neutrino energies are presented in Sec. 4 and a brief summary of the main findings of our work is given in
Sec. 5.

2. Unpolarized and polarized nuclear inclusive cross section

We will first study the CC nuclear inclusive reactions,

viAz > T X, ViAz—>1TX (1)

where a tau (anti-)neutrino, with four momentum k* = (E,, E), exchanges a W boson with an atomic nucleus with initial momentum
PH = (My4,0), and a lepton 7~ (or ) is detected with four-momentum k'#* = (E, k’). In these processes, the final hadronic state is not
detected, and the unpolarized differential cross section in the laboratory frame reads [11]

1 The use of an effective mass for the nucleon is a simplified method to account for the effects due to the change of its dispersion relation inside the nuclear medium.
A proper description, however, is achieved by dressing the nucleon propagators and constructing realistic particle and hole spectral functions, which incorporate dynamical
effects that depend on both the energy and momentum of the nucleons [7].
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where Gr is the Fermi weak coupling constant, cos6; €] — 1, 1] is the angle between k and 12/, m; < E; <E,? and F is defined as

2
m - -
Fog o) = <2W1 + M—§W4 (E¢ — [K'|c0s6r) + Wa(E¢ + [K'| cos 67 )
A

2
m

Ma = Ma
where the F sign in the W3 term corresponds to the case of neutrino or anti-neutrino scattering. The real Lorentz-scalar structure
functions W;(q°, %), depend on the four-momentum transferred to the nuclear system, with ¢* = (q®)2 — |42, ¢° = (E, — E;) and

1

(EvEe + K2 = By + Eo)IK| cosr ) 3)

gl = <E]2J +k?2 — 2E, K| cos 91) ?and they are obtained from the decomposition of the hadronic tensor [11]

wHY prpY €MVYip qs Kqv PHqY 4 PYgt  PHg¥ — pVgt
=—g""Wi+— W2+172VW3+qZ Wyt —2 > T ws+i—1 > T we (4)
2My M4 2M4 M4 2M4 2My
with €g123 = +1 and the metric gt¥ = (+, —, —, —). The structure functions are different for neutrino or anti-neutrino reactions because

the role of protons and neutrons is exchanged. However, for simplicity in the notation, they are shown without the (v, V;) label. The
term proportional to Wg does not contribute to the double differential cross section and, thus, it does not appear in the full expression
for F in Eq. (3). As mentioned, we follow here the formalism and conventions of Ref. [11].

The (anti)neutrino inclusive-differential cross section for the production of an (anti-)tau with polarization h = +1 along a certain
four-vector S*, verifying $2 = —1 and S -k’ =0 [13], can be written, using the results of Appendix A of Ref. [6], as

1 - 1_5
T — T I T T 1%
2 = ouy (14hSuPlh)) . 7 = o5 (1-hSuPl)) (5)

n

where 28”?”’), given in Eq. (2), is the unpolarized cross section, and P is the (anti-)tau lepton polarization vector [13,14], which

(T.7)

is given in Eq. (5) of Ref. [6] for SM neutrino and anti-neutrino nuclear inclusive reactions. Note that the anti-neutrino P("f) vector
introduced here in Eq. (5) above differs by a minus sign from that defined in Ref. [6]. In the absence of physics beyond the SM, the
relevant components of the polarization vector in the laboratory system are denoted as P; (longitudinal, in the direction of k'), and Pt

(transverse to k' and contained in the neutrino-tau lepton plane),
k'] EkK N (k< k') x k'

(t,7) "
PED = — (P -Nur), N = (22, == = (0 222
LT (.o ). N me’ my k| T [k x k') x K|

(6)

The P;r components depend on the lepton kinematics and on the (anti-)neutrino structure functions, W;, introduced in Eq. (4) [3,4,6].
For the sake of completeness and clarity, we also reproduce these formulae here,*

2 2
_ m > - m
PET’T) ={|2w;— M—;W4> (IK'| = Ez cosB;) + W (|k'| + E¢ cos6;) — W5M—; cos 6 (7)
A

Ws - -
¥M—A((Eu +Eo)IK'| — (EvEr + Ik’lz)COSQT)} /Fwe.5e)

2
.9 . m? E, E,

P =m¢sinf; | 2W1 — Wy — — Wy +Ws5—— FW3— ) /F. 5 8
T T r 1 2 M2 4 5 M, F M, /Fw.,v0) (8)

where the F sign in the W3 term corresponds to the case of tau or anti-tau polarization components. Note that the transverse polarization
Pt is proportional to the charged-lepton mass, and therefore for muon or electron neutrino reactions, it is highly suppressed, as expected
by conservation of chirality [6].

The study of the tau polarization vector in (v¢, t) and (v, T) reactions is of great theoretical interest, since both P; and Pt display
peculiar sensitivities to the ingredients of the nuclear and reaction models, which are different to the ones shown by the pure double
differential inclusive cross sections. This is to say, the polarization observables of Eqgs. (7) and (8), and the unpolarized function F defined
in Eq. (3) are given by different linear independent combinations of the hadron-tensor Wy 33 45 structure functions, being sensitive to
different (E,cos6;) kinematics. Experimental information on Pff) would provide additional valuable constraints to test the models
used to describe (anti-)neutrino-nucleus cross sections.

2 We are not explicitly considering the minimum energy (~ tens of MeV) to be transferred to the nuclear system to account for the mass difference between the mass of
the initial nucleus and that of the ground state of the final nuclear configuration [11,12]. This should be a good approximation for E,, at least, in the few GeV region.

3 We should mention that there is a typo in Eq. (10) of this latter work, which affects the W4 term, where sin®6; should be sin® 6; /2.

4 Note that the projections used in Eq. (6) to define Pﬁﬂ differ, for both neutrino (tau) and anti-neutrino (anti-tau) reactions, in a global sign to those taken in Refs. [4,6]
(see Eq. (6) of Ref. [6]). In addition, the convention employed here for the polarized cross section in Eq. (5), changes the sign of the anti-tau polarization components PET

with respect to those given in Refs. [4,6]. In summary, tau Pf ; [anti-tau PLf_T] defined here differ in sign [are equal] to the ones introduced in Refs. [4,6], as can be seen
comparing Egs. (7) and (8) below with Egs. (5) and (6) of Ref. [4].
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3. Sequential v;Az - T~ (T vy, p~v)X and v; Az — tH (v, pT ;) X reactions

Given the practical impossibility of making a direct measurement of the t polarization, the information on the polarization state of the
outgoing tau-lepton, encoded in its polarization vector, should be obtained from the energy and angular distributions of its visible decay
products. A more sensitive measurement would be obtained from a multiple differential cross section involving also the tau-momentum
variables. However, such a measurement will certainly suffer from smaller statistics, besides the fact that fully reconstructing the final
momentum represents an experimental challenge, because it might not travel far enough for a displaced vertex and its decay involves at
least one neutrino.

However, even if the three momentum of tau could not be measured, information about the v;(V;)Az — tTX inclusive nuclear
processes and on the polarization state in which the tau-lepton is created can be extracted from the distribution of its charged decay
products. This is also the case for the semileptonic decays of bottomed hadrons into charmed ones, driven by the b — ctv; transition
(see for instance Refs. [14] and [15], in which this section is based). The three dominant T decay modes T — mv;, pv¢, Vv (£=e, 1)
account for more than 70% of the total T decay width (I';). In this section, we will pay attention to the hadron-modes of the tau decay,
and study the visible energy and angular distributions of the pion or rho mesons in the nuclear inclusive processes

viAz - 17X VrAz > Tt X
N Ve, vrp~ N et vt (9)
The analog reactions induced by the leptonic tau-decay channel are less sensitive to the tau-polarization components, with their contri-
bution being around a factor of 3 smaller than for the t — mv; case [15]. Hence, the T — £V,v; decay will provide less statistically
meaningful results.
Following Sec. 3 of Ref. [14], we find that for any of these hadron modes, (v;, V;)Az — XtT — Xd¥(v¢, V;) [d =, p], the laboratory

double differential cross section with respect to the outgoing hadron energy (Eq) and the cosinus of the angle (64) formed by the hadron
(pq) and the incoming (anti-)neutrino (k) three-momenta, read (see Fig. 1)

EZP €os(6g—0zq)

dzadwz,m s, m2  GiMy /dE d(cos6r)F v, 5,)(Er, cosfr)
dEqd cos by mZ —mi w2 ’ V€054 — Ozq) — cos 67| [cos O — cos(6g + b7q)]
E7 cos(0g+0-q)
2m : Eqlk'|  Ec|p
x 11+ ——"—aq | P{"7(E¢, cosbr) all _ T|pd|cosefd
m2 —mj me me
(T.7)
P E;,cosb;) .
Pr Be €000 5. costy — cose COS@rd)j| ] (10)
sinf;

In the above expression, By—y , is the branching fraction for the T — mwv; or T — pv; decays, my =myg or my, Gg_y =1 OF A4—p =
(m2 —2m?)/(m7 +2m2), and 6y is the angle formed by the r and outgoing hadron three momenta,

2E Eq—m2 —m}

C0SOrqg = =— (11)
2K/ Pdl
In addition, we introduce
pr_ M7 A MPEa£ 7 —mIBal  max,ime _ (M7 +MPEy £ (m7 —m)E) —m3 (12)
T = ’ d -

2ma 2m?
where the + in E;nax’ int correspond to the maximum energy reachable by the d-hadron (max) and to some intermediate one (int), which
will be relevant in the discussion below, respectively. The minimum value of Eii‘“ turns out to be my for E, = (m% +m§) /(2mg). The lower
limit of the E. integration is always E;, which is bigger or equal than the tau mass for any value of E4. The upper limit could be either
E, or Ef. Actually, we have

2 2
m m :
Ey< M pin g, < pmax g,
2my
2 2
ms +m . .
Ey>———2=mg<Eg<E]™, Ey®=H(E" — Eq)ES + H(Eq — E{)E, (13)

2my
with H(...), the step function. Finally, there is no limitation for the outgoing hadron angle and cosf; €] —1, 1].
In Eq. (10), it is assumed that the 7 lepton exits the nucleus before decaying, and thus the outgoing pion or rho meson does not suffer
any further final state interaction.
As shown in Ref. [14], the contribution in Eq. (10) which depends on the polarization components vanishes after integrating over the
energies and angles of the visible hadron, while the independent one is properly normalized such that
2 d(Vra‘_)r) Ey 41 dZO‘( B
dEgjdcos@y—4—— =By | dE; | dcosOy ——2=" = B.o(,. 5.(Ep), Ey,>m 14
/ d ddEddCOSQd d/ r/ TdErdCOSQT d (vf,v,)( v) v Z g ( )

me -1
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with oy, 7,)(Ey) the unpolarized tau (anti-)neutrino nuclear inclusive cross section in the laboratory frame obtained from the integration
of the differential distribution of Eq. (2).

Note that the maximal information that one can in principle extract would be the four dimensional differential cross section
d4od(v"vf)/(dEdd cosOydEd cos6;), which would require the measurement of the tau momentum. Such unfolded distribution might al-

low to obtain all three F,, 5,)(E, coséy), Pim)(E,, cos ;) and P?‘”(Ef, cos6;) observables, which otherwise appear in Eq. (10) within
an integral over the tau kinematical variables.

The expression of Eq. (10) for the energy and angular distribution of the hadron product after the decay of the virtual 7 is general,
and it implies a sum over all possible nuclear reaction mechanisms. Nevertheless, depending on the neutrino energy and implement-
ing some cuts, it may be possible to isolate/enhance the contribution to the inclusive d2o[;vf’”’)/(dEdd cosfy) cross section of different
(anti-)neutrino-nucleus reaction channels (QE, 2p2h, coherent and incoherent pion production, DIS, etc.) for some regions of the visible
(E4, cos8y) phase-space. .

The detailed study of dZG;V"v’) /(dE4d cos6y) provides some additional observables, which will serve to further test the nuclear and
reaction models used to describe the CC (anti-)neutrino-nucleus interactions. Moreover and as mentioned above, the (Eg4, cos6y) distri-
bution should be much easier to measure experimentally than the polarized v; Az — T~ X and V; Az — tX differential cross sections.
Note, however, that there will be also pions or rho-mesons produced in the nuclear part of the interaction, including the re-scattering of
the produced nucleons, pions, etc. during their path exiting the nuclear environment. One should look at the (E4, cos6y)-pattern provided
by them, and focus the study in kinematical regions for which the number of nuclear events is much smaller than that due to pions or
rho-mesons coming from the tau decay.

Another source of unwanted background is the high contamination of muon and/or electron (anti-)neutrinos that will be likely present
in the available v; and V; beams. The nuclear v, . and v, . interactions can give rise to an abundant production of pions and rho
mesons. Though CC processes will produce an outgoing muon or electron which can be used to discard the event through transverse
momentum balance, NC reactions represent a more challenging background to the dza;”"”’) /(dEg4d cos6y) distribution, since the outgoing
neutrino will not be detected. Given an experimental setup, these events, not coming from the 7 decay, need to be taken into account for
a meaningful analysis.

Note that this muon/electron neutrino NC background should no affect sequential decays initiated by an anti-neutrino v, scattered
off a bound-nucleon producing in the final state a T, together with a hyperon Y = A, ¥. Though Cabibbo suppressed, the reaction
VrAz — tH (@ TV, pTUL)Y + X with the detection of the hyperon, and no kaons in the final state, should be considerably less affected
by this unwanted NC background. However, in this case, the nuclear structure functions will be different to those probed in the Cabibbo
allowed transitions, beginning from the fact that the outgoing hyperon will not be Pauli blocked [16,17].

In experimental analyses, it is common to use the longitudinal (p;4) and transverse (prq) pion/rho momentum components which are
related to E4 and 6y through the relations

pra=+/E3—m?cosy,  prq=,/E2—m2sinf, (15)

with Eﬁ = (mﬁ + p%d + p%d). From the Jacobian of the transformation, we find for the corresponding double-differential cross section

dZO.d(VrJ_)r) B PTd 1 dZO.;UrJ_Jr) B Sined dZO.(;VzJ_)r)
dpradpra (p%d + P%d)% (p%d + p%d +m§)% dE4d cos6y Eq | dEgqdcosfy

(16)

4. Results

In this section and for illustrating purposes, we shall present results for the CCQE d?c /(dp;dpry) distributions for the sequential
veAz > T (m V)X and DAz — tH ()X processes evaluated in 0. We focus only on the pion production, since the polarization
effects for the p particle are smaller (see Eq. (10), ag—, ~ 0.4). The QE contribution has been computed using the LFG model of Ref. [11],
and for simplicity, we will neither include RPA-type effects, nor account for the energy balance corrections. The latter are small for the
relatively moderate neutrino energies which are considered in this work, while RPA correlations do not appreciably change the gross
features of the tau polarization vector. The reason is that the polarization components are obtained as a ratio of linear combinations
of nuclear structure functions and RPA changes similarly numerator and denominator [4,5]. RPA corrections might affect the nuclear
response F,, ;.) that appears as a global factor in Eq. (10). However, we do not expect such effects to significantly change the qualitative
characteristics of the distribution of pions from the sequential 7-decay that will be discussed below.

The minimum tau (anti-)neutrino energy considered in this work has been 3 GeV, for which the QE CC cross section in oxygen is about
a factor one-hundred larger than the coherent pion production one, the latter estimated using the model of Ref. [18]. We have checked
the coherent channel since its threshold is essentially m, below that of the QE reaction-mechanism.

We start by showing in Fig. 2 the results for the sequential v;Az — T~ (;w ~v;)X process at E, =3,4,6 and 10 GeV (shown from
top to bottom). The left panels show the full calculation of Egs. (10) and (16), while in the middle ones we set Pf =1 and P} =0,
which corresponds in our case to pure negative-helicity taus. The latter would be similar to what is done in experimental analyses where
Neutrino interaction Monte Carlo models generate the t kinematics with models similar to the case of © and e and let the TAUOLA [19]
package to decay the t normally assuming fully longitudinal or fixed T* polarizations. In the right panels we show the ratio of the
difference of the two previous calculations over their sum. As it can be seen from the figure, at low neutrino energies the difference
between the two calculations is substantial, while it decreases at higher neutrino energies. This behaviour can be understood since high
energy neutrinos produce high energy taus and the latter tend to be in a negative-helicity state due to the (1 — y5) part of the weak
production vertex (at high energies, compared to the mass of the lepton, helicity equals chirality). However, closer to the production
threshold the taus are not so energetic and the helicity is not well defined in this case. Thus, for low neutrino energies accounting for the
correct tau-polarization vector is essential.
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Fig. 2. Two-dimensional d?c /(dp;dpry) distributions, in units of 10738 ¢m?/GeV?, for the sequential v; Az — T~ (7 ~v;)X process evaluated in 60 at E, = 3,4,6 and
10 GeV (shown from top to bottom). The left panels show the full calculation of Egs. (16). In the middle panels we set P, =1, Pt =0, which corresponds in our case to
pure negative-helicity taus. Finally, the right panels show the ratio of the difference of the two previous calculations over their sum. We consider only the QE contribution
computed using the LFG model of Ref. [11], without including RPA and correct-energy balance corrections.
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Fig. 3. Same as Fig. 2 but in this case for the anti-neutrino v; Az — t*(;x " v;)X reaction at only E; =3 and 10 GeV.

The corresponding results for the anti-neutrino v;Az; — t+(m@ ;)X sequential process are shown in Fig. 3. In this case the full
calculation and the one setting P{ =1 and P} =0, that corresponds in our case to positive-helicity anti-taus, are very similar already
at low anti-neutrino energies. This is in agreement with the findings in Ref. [6] and it is due to the fact that the ¥ scattering is more
forward peaked than the v one for QE (and also for the 2p2h) mechanisms [20]. The latter effect is produced because of the different sign
of W3 term, which leads to a destructive interference for the anti-neutrino case that becomes more and more effective as |q%| increases
(see Eq. D2 of Ref. [11]).

The results discussed in this manuscript also show the relevance of the transverse polarization in future oscillation experiments such as
DUNE, which expects a sizeable amount of v, CC interactions in the far detector [10] after oscillations. To show its relevance, we present
in Fig. 4, the momentum and angular distributions of the 7~ originating from 7~ decays for 3, 4 and 6 GeV neutrinos. The differences
between the two models discussed in this work, one with full polarization and the other restricted to a pure longitudinal (P; = 1) lepton
polarisation, reveal the strong dependence of the 7~ kinematics with the transverse polarisation. As expected, the difference is reduced
for higher momentum 7 ~’s. The majority of v; flux in DUNE is expected below 7 GeV [10]. The case of 3 GeV is very conclusive. The
transverse polarisation transforms a hard spectrum of 7 ~, typically above those produced in NC interactions, into a very soft one that
overlaps the expected spectrum of 7~ produced in NC.

It is also interesting to evaluate the distributions in the case where W4 = W5 = 0. As seen in Eqgs. (3), (7) and (8), the contribution of
these two structure functions is suppressed by powers of the charged lepton mass and thus they cannot be accessed in the corresponding
reactions involving the first two lepton generations. The relevance of these structure functions is analyzed in Fig. 5 where, for the sequen-
tial v; Az — T~ (7t v¢)X process evaluated in 160 at E, =3 GeV and 10 GeV, we compare the two calculations and we further show the
ratio

d*o | __ d%o
dpLxdpra IW4=W5=0 dpLxdpTr (_17)
d2o
dprrdpTn

The results clearly show the significant impact of the W4 and W5 contributions for the case of T production. We have checked that the
effects are even more pronounced for anti-neutrinos. They produce a general reduction in the cross section. Their effect is present for all
energies analyzed although it is more relevant at lower neutrino energies.

5. Summary

We have analysed the sequential v; Az — T~ (7 vy, p~ V)X and DAz — TH (@D, pTD;)X reactions. For the first time we give the
general expression [Eq. (10)] for the outgoing hadron (pion or rho meson) energy and angular differential cross section. Within this context,
we have investigated the role of the (anti-)tau polarization vector in the analysis of these processes. We have shown that such distributions
depend on the tau inclusive nuclear CC differential cross section and the longitudinal and transverse polarization observables integrated,
with certain dynamical weights, over the outgoing t available phase space. Since the T momentum can not be easily reconstructed, the
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Fig. 4. do /dp; (upper row) and do /d cos6r (lower row) differential cross section for the 7~ from the v Az — v~ (7~ v;)X sequential reaction at three different energies
E, =3,4, and 6 GeV. Results are shown for full polarization and longitudinal polarization (P, =1, Pt = 0), with the areas under both types of distributions equal, as follows

from the discussion of Eq. (14).

d?0/(dpfdp}) [10~38cm?/GeV?] d?o/(dpfdpF) [10738cm?/GeV?] 3 GeV
2.5 5e-01 5e-01 2.5 H
.3
1le-01 le-01 L,
2.0 2.0
3e-02 3e-02 1
s 15 ses seos s 15 Los
o o e- 8
o Fo.25
T 10 2e-03 2e-03 T o
F0.12
0.5 5e-04 5e-04 05
+0.06
1le-04 le-04 |
0.0 Vi E,=3 GeV Ve; Ev=3 GeV 0.0 <003
3e-05 3e-05 : . . . . . o
00 02 04 06 08 10 12 . 02 04 06 08 10 12 00 02 04 06 08 10 12
¥ [GeV] pF [GeV] T [GeV]
d?0/(dpfdp}) [10~38cm?/GeV?] d?o/(dpfdp}) [10~38cm?/GeV?] 10 GeV
2 2 H
L>3
8
5e-01 5e-01 r2
1
1e-01 - 1e-01 _°
3 > ro.5
2 o)
3e-02 = 3e-02 =4 L 0.25
g a
8e-03 8e-03 , to.12
t0.06
2e-03 2e-03
vr; E,=10 GeV vy E,=10 GeV 0 [<0.03
5e-04 5e-04 o
00 05 1.0 15 20 25 30 05 1.0 15 20 25 3.0 00 05 10 15 20 25 30
pF[GeV] pf [GeV] pF[GeV]

Fig. 5. Left panels: two-dimensional d?c /(dp;,dpt) distribution, in units of 10738 cm?/GeV?, for the sequential v; Az — T~ (7T ~v;)X reaction evaluated in '°0 at E; =3
GeV (top) and 10 GeV (bottom) and obtained within the complete QE model. Middle panels: same as before but with the contributions from W4 and W5 switched-off. Right

panels: the corresponding ratios as defined in Eq. (17).

study of the visible kinematics of its sequential decays is the best that can be done to extract the information on the nuclear response and
reaction mechanism encoded in the polarization state of the produced tau. This information goes beyond that obtained from the inclusive
nuclear weak CC differential cross section and it can be used to further constrain nuclear models.

Though all possible neutrino-nucleus reaction mechanisms contribute to the visible distribution, d?cy/(dEqd cos6,), depending on the
neutrino energy and implemented cuts, it may be possible to isolate/enhance the contribution of different (anti-)neutrino-nucleus reaction
channels. Our results for the pion decay mode in oxygen at E,, <6 —10 GeV and for the QE reaction show the relevance of considering the
correct T polarization versus some simplifications (P; ~ 1 and Pt ~ 0) usually assumed in experimental neutrino oscillation analyses [10].
One exception known to us is the SuperKamiokande atmospheric v; analysis based on the polarization calculations given in [3], though
some approximations are still adopted. This is more significant for v;-induced reactions that for the ones initiated by v;. In the latter
case, the more forward character of the QF reaction enhances the P; component of the t™ polarization vector, which renders the full
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calculation in a much better agreement with the approximate one. We have also explored the relevance of the contributions of the W4
and W5 nuclear structure functions. The contributions associated to these two structure functions are proportional to the charged lepton
mass and, thus, they play a minor role in reactions involving the two light lepton families. However, they give a significant contribution
for CC processes initiated by tau (anti-)neutrinos. Again the fact that more structure functions play a role for these sequential reactions
helps in constraining nuclear models and possible reaction mechanisms.

Finally, as we have already mentioned, unless one is able to select a certain type of events by imposing a certain additional signature, all
possible mechanisms contribute to d?cy/(dEyd cosy). Therefore, it becomes essential to obtain the W1,2,3,4,5 structure functions, which
determine the hadron tensor WHV, for other nuclear inclusive reaction channels (2p2h, pion production, DIS, etc.) to correctly compute
P, Pt and consequently the visible distributions of the tau-decay products.
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