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We study the processes v,n = A7~ (z7v,) and U, p — Art(x+D,), with particular emphasis on the pion
energy and angular distributions, as a possible signal for lepton flavor universality violation, and in general
of physics beyond the Standard Model (SM), as well as a sensitive probe of the 7 polarization vector. We
work within an effective low-energy extension of the SM with all dimension-six four-fermion operators. In
this framework, complex Wilson coefficients which encode new physics can generate CP-violating
contributions. We propose an observable that provides a genuine CP-odd signal due to its sensitivity to
particular transverse components of the 7 polarization vector. Namely, we show that the asymmetry in the

azimuthal-angle distribution of the pion in the decay t* — z%v, constitutes a smoking-gun prediction of
such a beyond the SM scenario. We estimate the strength of this effect extrapolating nucleon-hyperon form
factors recently obtained from lattice QCD calculations.

DOI: 10.1103/rzd1-1k5x

I. INTRODUCTION

One of the central features of the Standard Model (SM) is
lepton flavor universality (LFU), which states that the three
lepton families couple identically to the W and Z gauge
bosons. However, several experimental measurements have
suggested the possible presence of LFU violation. The most
compelling indications of possible physics beyond the SM
(BSM) arise from the experimentally averaged values of the
ratios R = I'(B — DWz~0,)/T(B — D™¢~1,), which
display a combined discrepancy with SM predictions at
the level of 3.10, as reported by HFLAV Collaboration [1].
This tension suggests the presence of nonuniversal
charged-current interactions affecting the <z Ilepton.
Further support for this interpretation is provided by the
ratio R, =I'(B. - J/yt"0,)/T (B, = J/wp 1,) mea-
sured by LHCb Collaboration [2], which also exhibits an
approximate 1.8¢ deviation from SM expectations [3—15],
reinforcing the case for potential new physics (NP) in
semileptonic b — ctv transitions.

Other measurements, on the other hand, are fully
consistent with LFU. This is the case for the ratio
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Ry, =T(A) - Aft0,)/T(A) - Af¢"0,),  measured
by LHCb Collaboration [16], which agrees with SM
predictions based on the theoretical analysis of
Ref. [17]. A similar conclusion is reached from the recent
first measurement of the inclusive semileptonic decay ratio
Rx,, = ['(B - Xt7v,)/T(B — X¢~v,), reported by Belle
II Collaboration [18], which is also compatible with SM
expectations as evaluated in Refs. [19,20]. These results
provide important complementary constraints on possible
NP scenarios and highlight the need for further precise and
diverse tests of LFU across different decay channels.
Whether the currently observed deviations from LFU
will persist under increased experimental precision remains
an open question. Should these anomalies be confirmed,
physics BSM would be required to account for the data, and
it would be natural to expect such effects to impact, to
varying degrees, all quark and lepton generations. Given
that the present experimental evidence is not yet conclu-
sive, any NP contributions are expected to be moderate, at
least at the energy scales probed by current experiments.
Effective field theory (EFT) offers a systematic and
model-independent framework to parametrize the effects of
physics BSM at energies well below the characteristic NP
scale. In this formalism, the low-energy SM Lagrangian is
extended to a complete basis of dimension-six four-fermion
operators describing charged-current quark-level transi-
tions of the form g — ¢'£v. These operators encode the
virtual effects of heavy degrees of freedom associated with
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NP at scales much larger than those directly probed by
current experiments. Early seminal work in this context can
be found in Ref. [21]. The impact of these operators on low-
energy observables is controlled by the corresponding
Wilson coefficients, which are, in general, complex and
scale dependent, and whose magnitudes and phases can be
extracted or constrained through global analyses of pre-
cision semileptonic and leptonic decay data.

In the case of the quark-level d <> ¢ transition, valuable
information can be obtained from the leptonic decay-width
ratio R/, = I['(D" - z*v,)/T(D" — u*v,). This observ-
able was first measured by CLEO Collaboration [22],
which reported a statistically nonsignificant result and
provided only an upper bound. A subsequent measurement
by BESIII Collaboration [23] yielded a central value larger
than the SM expectation, although still consistent with it at
the 1o level. Within the EFT framework, this result has
been extensively used to constrain the Wilson coefficients
associated with charged-current ¢ — d transitions, as dis-
cussed in Refs. [24-27]. While the above purely leptonic
decays' are only sensitive to axial-vector and pseudoscalar
Wilson coefficients, one has that vector, scalar, and tensor
operators can be probed through mono-lepton production
in high-energy charged-current Drell-Yan reactions [27].

In Ref. [28], the authors proposed the process v,n —
A 7~ as a probe to further constrain the Wilson coefficients
associated with the d <> ¢ quark transition. Their analysis
was carried out at the nucleon level and did not include a
dedicated treatment of nuclear effects. Since free neutron
targets are not available, such effects are expected to be
relevant—particularly for heavy nuclear targets—and may
have a non-negligible impact on the phenomenology of this
reaction. In Ref. [29], we revisited this problem and derived
general expressions for inclusive quasielastic reactions on
nuclear targets,

(e)veAz = (€7)C7YX, ()

where Y denotes either a strange or a charmed hyperon,
¢ =e, u, 7, and X represents the residual nuclear system
with (A — 1) nucleons. In principle, such processes could
be accessed at the Deep Underground Neutrino Experiment
(DUNE) far detector, exploiting the oscillation of the
initially produced v, /7, neutrinos and antineutrinos into
v,/v,. At DUNE, a significant fraction of the neutrino flux
is expected to lie above the 7 production threshold of
E, 2 3.5 GeV. In the scenario considered here, the rel-
evant thresholds are £; 2 4 GeV and E,_ 2 8.3 GeV for A
and A, hyperons in the final state, respectively. In particu-
lar, A, production requires operation in the z-optimized
beam mode, characterized by a broader energy spectrum
(see, for instance, Fig. 1 of Ref. [30]). Within the three-
neutrino paradigm, several studies have explored the

'A final-state 7 is kinematically forbidden due to phase space.

potential of DUNE to constrain nonstandard interactions
affecting neutrino propagation in matter, as well as the
possibility of direct v, production in pion decays. Both
effects, if present, would modify the v, flux at the far
detector.

In this work, we retake our former calculation in
Ref. [29] and go a step further by analyzing the processes
v.n— A (nv,) and 7,p - At (x7v,), in which the
final-state 7= subsequently decays into the z*v, channel.
Incorporating the 7 decay is essential for two main reasons.
First, the 7 is a short-lived particle and must be exper-
imentally reconstructed through its decay products.
Second, the kinematic and angular distributions of the
final-state pion provide direct access to the full = polari-
zation vector, including its transverse components, which
are sensitive to the presence of complex phases in the
underlying Wilson coefficients. As a result, these observ-
ables offer a powerful handle on CP-violating effects and
constitute a significantly richer probe of NP dynamics than
analyses based solely on the reconstructed = lepton.

At this stage, we refrain ourselves from including nuclear
effects, since they obscure the treatment of a four-particle
final state within a general BSM-EFT framework.
Moreover, proton targets—or possibly deuteron targets—
may become experimentally accessible in the future, further
motivating the study of these reactions at the nucleon level.
In a subsequent study, we will address these reactions with
nuclear targets using a realistic many-body treatment.

Although the analyses of semileptonic D-meson decays
and high-energy Drell-Yan processes performed in
Ref. [27] place stringent constraints on the Wilson coef-
ficients, they do not exclude the possibility that these
coefficients have complex values, which would imply the
presence of CP-violating phases already at the Hamiltonian
level. In this work, we propose an observable that provides
a genuine CP-odd and essentially smoking-gun signal of
such a BSM scenario. Specifically, we advocate measuring
the asymmetry in the azimuthal-angle distribution of the
pion in the decay ¥ — z%v,. Any imbalance between the
number of charged pions emitted above and below the
plane defined by the incoming neutrino and the outgoing
hyperon constitutes a direct manifestation of CP violation
and must be driven by NP. Importantly, this asymmetry is
defined in terms of a ratio, which reduces its dependence on
the hadronic form factors, a key advantage given the large
theoretical uncertainties affecting their determination, par-
ticularly at high-momentum transfers Q% = —g>.

This work is organized as follows. In Sec. II, we
introduce the effective Hamiltonian and exploit the close
correspondence between neutrino- and antineutrino-
induced reactions, showing that, up to trivial modifications,
the expressions derived for v,n — A.r~ also apply to
U,p — A" In Sec. III, we present the total cross section
and the pion azimuthal-angle asymmetry for the process
v,n — A (n70,), both of which depend on the =
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polarization vector P. We show that this asymmetry probes exclusively the transverse-transverse component PTT2 and
becomes nonzero only in the presence of complex Wilson coefficients. In Sec. IV, we describe the modifications required to
treat the reaction ,p — At" (" ,) and specify the form-factor inputs used in this case. Our results are presented in Sec. V,
and the main conclusions of this work are summarized in Sec. VI. We also include two Appendices which provide some of
the technical details involved in the analytical derivation of the cross sections.

II. EFFECTIVE HAMILTONIAN

For both the v,d — ¢t~ and D,u — st reactions, we consider the complete set of dimension-six semileptonic operators
involving left- and right-handed neutrinos. Although these operators were already presented in Ref. [29], we reproduce
them here for completeness and convenience.

For the v,d — ¢t~ transition we have

vdoer 4GV, i )
i <20 L S (@l + Cly, Iy G + i (0P (P,00)
\/i ¥ =L.R

+ Y, (€"P,d) (i0,,Pu )} +Hec. (2)
x=L.R

with P, = % (I + h,ys)and h;, = —1, hg = +1. Here, G denotes the Fermi constant and V., the corresponding Cabibbo—

Kobayashi-Maskawa (CKM) matrix element. The ten Wilson coefficients CYdf/;{ and CT deyy WX = L, R), which are in

general complex and labeled by the chiralities y,y’ = L, R, parametrize the strength of possible physics beyond the
Standard Model. Note that tensor operators involving mismatched quark and lepton chiralities vanish identically (see, for
example, Refs. [31,32]).

It is common to rewrite H.g as

v,d—ct™ 2GpV c - -
Hmerd = \F@ N C@[C " + by Coy iy ys)d) By Pyvy)

x=L.R

+ (€[C3y, + 1, CLy, ys]d) 7P ,) + (€CLy, 0 (1 4 yys]d) (70" Pyu,)] + Hee., (3)
with

CXdTL =1 + Cz‘/erL + CXdTRL CchL 1 + CchLL CL“/dTRL

CdeL = CfdeL + CfdrRL Cfer = CdeLL - CfdrRL

CLT-dTL - CLTmLL CLT-dTR = CCT-deR

CXdTR = CXerR + CXdTRR C?drR = _<CXdTLR - C(‘:/drRR)

CfdrR - Cf'deR + CfdrRR Cfd’rR = _(Cf'dTLR - CfdrRR)‘ (4)

For the D,u — sz transition the corresponding effective Hamiltonian reads

su—se- 2GpVi — )
HE ™ = F =N (S[Clur” A+ iy Cliy v ysIu) (2577 PaS) + (5[CS,y
x=L.R
+ hxcmﬂs}(ufcpﬂg) + (5CT,. 0" 1 + hyys)u) (o PiC)] + Hee., (5)

which has been expressed in terms of the charge-conjugate fields 1<, 7¢ and where

*Defined as perpendicular to the plane spanned by the incoming neutrino and the outgoing 7 directions. Since the initial nucleon is
taken at rest, this plane coincides with that defined by the incoming neutrino and the outgoing hyperon.
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Csm'L - (C.YM*TLR + C;/;TRR) CSMTL Csm’RR C;/;TLR’
Csm'L CS;TLR + Csm'RR CfurL - _(CSMTLR CsurRR)
Csu‘rL CV:RR Csm’R CZ;TLL

C;/m'R - (1 + CmrLL + CSM‘L’RL)

C?MTR =1+ CsuTLL CA‘“/I;FTRL’

Cfm'R CE;TLL + CsuTRL Cfu‘rR = Cf;‘rLL - CE:TRL' (6)

Note the similarity between Egs. (3) and (5), and that
charge-conjugate fields® play for antiparticles the same
role as ordinary fields do for particles. As a result, all
expressions obtained for the amplitude of the v,n —
A.7t~ reaction can be directly applied to 7,p — At",
with the obvious replacements in the values of the
CKM matrix elements, masses, form factors, and
Wilson coefficients.

III. THE v,n - A.z” (" v,) REACTION

The three dominant z decay modes, 7 — zv,, pv,, and
Iy, (I = e, ), account for more than 70% of the total 7
width. In this work, we focus on the sequential reaction
v.n — A7 (7n7v,), which leads to a charged pion in the
final state.

Accordingly, the cross section for the full process can be
expressed as

:G%|V612/d3p/M/><'/d3pﬂ
647 k| E E,
/d3py,
X
E

X Z p){;{ZW yab» (7)

x=L,R ab

SWk+p—p —p:—p,)

where k, p, p’. p,, and p, denote the four-momenta of
the initial v,, the nucleon, the final hyperon, the pion,
and the final v, respectively, with p;; and pgg
representing the diagonal components of the incident
neutrino density matrix.* At energies much larger than
its mass, left- and right-handed chirality correspond to
negative and positive helicity, respectively, an identi-
fication used throughout this analysis. Even with
potential NP, neutrino production is expected to remain
SM dominated, so the typical case is a fully left-handed
neutrino beam (p;; = 1, prpr = 0), while for an anti-
neutrino beam the opposite applies (p;; =0, prr = 1).
In Eq. (7), the indices a and b denote the three allowed
Dirac structures: (pseudo-)vector, (pseudo-)scalar, and

They are defined as W¢ = C'P7, with C the charge-conjuga-
tion matrix that satisfies the relation CyHTCt = —yi.

“The off- diagonal contributions vanish when neutrino mass
terms are neglected.

tensor. The associated dimensionless hadron tensors
W;b read

= 2 A e(0)0fd0) . )

X (Ags ps r’|(':(0)0bld(0)|n;p, r, (8)

Wi (p.q)

OQH)( = Cdcr)(y +h CQL‘T)(}”IYS’

Cgcrj( +h Cdcr)(yS’ Cgcrj( (I + h ) (9)

where we average (sum) over the spins of the initial
(final) baryon. The resulting expressions are fully
general and can be read off from Appendix C of
Ref. [32], where they are given for a similar H, —
H, transition. Throughout this work we adopt the
convention ¢ = p — p’ = k' — k, corresponding to minus
the lepton four-momentum transfer. This choice allows
to use directly the results derived for decay processes in
Appendix C of Ref. [32] for the hadronic part of the
amplitude.5 These tensors are constructed from hadron
masses and momenta and are expressed in terms of
dimensionless structure functions W which depend on
the form factors the Wilson coefflcients, and the
masses involved. Explicit expressions for Wx are avail-
able for several transitions, including 1/2% — 1/2%
[33], which is relevant for this work, as well as 0~ —
0-,17 [34] and 1/2" — 1/27,3/27 [35]. Although their
explicit form depends on the specific transition, the
formalism remains fully general once the structure
functions are specified.

The tensor for the two neutrinos and the final pion is
given by the product of lepton currents /,,, constructed with
the Dirac matrices I';, =y,,I and o,,, and reads (see
Appendix A 1 for details)

32n%m?

x (2= m2)?

;(ab:l;(al;b:B(T_)ﬂyr) Tr[ﬂv PR(k/+m )

P ky°Typ (K + m )P JS(K> = m3).  (10)

with X' = k+ p — p’ = p, + p,_the intermediate 7 four-
momentum and B(z — zv,) the branching ratio for the 7 —
zv, decay.

Equation (7) can then be written as (see also
Appendix A 1)

5In Ref. [32], M denotes the mass of the initial hadron, which
in the present case corresponds to M.

®The form-factor parametrization adopted fora1/2t —» 1/2%
transition is given in Ref. [29].
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2M G2 Vc 2 d'i/ d3 d3 B
o = Bz — my) 20O "'/ V[ [P0 p == pa- 1)

473|K|(m? — m?
2m,
< 4m2—m2p”.7)>’ (11)

X 5((k +p- p |12 p)()(z )(ab

=L.R a,b

where we have introduced the 7 polarization four-vector P* and the purely leptonic tensors L, (k, k'),

1
Lyap(k, k') = 2 Te[(K + m)To (1 + hyys)kr T3] (12)

These latter tensors enter the evaluation of the v,nm — A.z~ transition and their expressions can be obtained from
Appendix B of Ref. [32] by taking twice the unpolarized part of the lepton tensors. On the other hand, the Lorentz
components of P# are

Z)(—L Rp)()(Za bWabTrKk/ +m )Fa 2 )(kyor (k, + mr)yﬁyﬂ]

P —
2m Z :L,Rp)( Zc,dW/ L;/cd

(13)

The 7 polarization vector can be written as a linear combination of the four-momenta p/| and ¢/, defined as #/] =
o — (€K /m2)k" with ¢ = p, g, together with the pseudovector e#*eP = e""’k,q,p, (Where €g13 = +1). The
corresponding coefficients depend on the particle masses, the scalar product (p-k), and the variable

=(p-p')/(M,M,), related to the squared momentum transfer by ¢*> = M3 + Mf\r —2M, M, [36]. Further details

are provided in Appendix A 2.
It is customary to decompose the polarization four-vector P* as

Pt =P, Ny + Py Ny + Prp Nyp (14)

7
where

K| Kk (kxK)xK kx K
Nﬂ - <|—, —y >, Nﬂ - O,ﬁ 5 NM == <O,ﬁ> 15
E\me R ! (kx k) x K| ” / ()

The above decomposition defines the longitudinal (P; ) and transverse (Pr, Prr) components of the polarization vector;
their explicit expressions are given in Appendix A 2 (see also Fig. 1). The Prr component8 arises solely from the e*X'7” term
of P#, which is not invariant under time reversal, and its nonzero value requires some Wilson coefficients to be complex
[36]. Consequently, an observation of Prr # 0 would provide a clear signal of CP violation and BSM physics.
Contributions to P77 stem from the interference of vector axial with scalar-pseudoscalar terms, scalar pseudoscalar with
tensor terms, and vector axial with tensor terms. Since vector-axial contributions are already present in the SM, at least one
of the Wilson coefficients CJ, CZ, or C must be nonzero.

Exploiting rotational invariance and the delta functions to perform part of the phase-space integrations in Eq. (11), we
obtain (see Appendix A 3 and Fig. 1),

miMy G2V .4 dE' EX(E') cos(6%,—~6?)
6 =Bt > nv,) 7Or Vel / / dE,r/ dcos@,
27I2|k| m —m i \/ |k| +M E/) _ E; (E') cos(62,+62)
_ WL 2m, =
% Z:)(fL,Rp;(;(Z: by Hyab {1 +— mn > <& [E,[\/(|k| +M, —E’)2 — m?
V/(cos 0, — cos(62, + 69))(cos(62, — 62) — cos b)) mz —myg \M;
o g " 0 PT‘ﬁH| 0 0
—|P:|(|k| + M, — E') cos 62,] + — 0 [cos @, —cos 6] cos6Y,] | ¢, (16)
sin 6

These three spatial four-vectors, together with k¥ /m,, form a basis of four-vector space. Note, however, that P* Lk,
PrOJectlon of P* along the direction normal to the plane spanned by the incoming neutrino and the outgoing 7 (or hyperon A.).
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FIG. 1. Neutron-LAB kinematics for v,n — A,z (7" v,), showing the three-momenta k, K, p.) and p, of the incoming neutrino,

intermediate 7, outgoing A., and pion. We also display the longitudinal unit vector 71; = K / |I:'\ and the transverse unit vectors 71 and
iipp entering the definition of N7, N%, and N4, in Eq. (15).

where 6, 62, 9, and 69, are the angles fixed by momentum conservation and depend on the remaining integration variables
[Eq. (A24)], while the integration limits for £, and E, are given in Eqs. (A26) and (A27).

We see in Eq. (16) that all the information on Py is lost. This results from the integration over the pion azimuthal angle:
‘Prr always appears multiplied by sin ¢, (see Eq. (A22), and the delta-function constraints yield two solutions for ¢, with
the same cosine but opposite sine. That is, if g9 € [0, 7] satisfies momentum conservation, then (27 — @) € [r, 2z] does as
well. However, by separately counting events with pions emitted below or above the plane defined by the incoming neutrino
and the intermediate 7 (or equivalently in this case, the outgoing hyperon A, see Fig. 1), one can construct an asymmetry

Ao =0(0 <@, <n)—o(n <@, <2n)

m2My G%|V.4l? dE' E;(E') cos(6%,—62)
=B(r - nv,) A GrVed / / dE,r/ dcosf,
2”2|k| (m? - ! \/ |k\ + M, —E)? - EZ(E) cos (0% +07)
_ WabL 2
x DD e " (~Pryli | singf sind,) )

V/(cos 6, — cos (67, + 67))(cos(6%, — 67) — cos 6,) mz — my

which is sensitive to Prr. As discussed above, a nonzero value of this asymmetry would signal the presence of CP-violating
NP beyond the SM.

Note that for the cross section o, since the polarization components P, ; are independent of the pion kinematics, the
integration over cos @, can be performed using Eq. (F.6) of Ref. [33]:

MA G ‘Vcd|2 a
U:B(T—)ﬂy) /, E+(E/ E- ZPZXZWZbLXab

2r|k[? 4=LR b

£ (E) E(E) + Ex(E) - 2E, }
dE 41+ PLE) . 18
Xém { ) -EE) ) (18)

We see that sensitivity to Py is further lost. Moreover, the term proportional to P; vanishes upon integration over E_,
leading to

M Vel
o = Bz - ;) <lel / dE' Z p”ZW LW,) (19)
E/

277|k|2 7=L.R  ab

which simply reproduces o[v,n = Az (x7v,)] = B(r = #v,)o(v,n — A.z7).
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Following the strategy of Ref. [37], the statistical
sensitivity of the pion energy and angular distributions is
improved by first integrating over the hyperon energy FE'.
This procedure leads to the double-differential distributions
d*c/(dE,dcos@,) and d*Ac/(dE,dcos6,), whose
explicit expressions are given in Eqs. (A30) and (A31)
of Appendix A 3. Further integration over either charged-
pion variable yields the corresponding single-differential
cross sections.

The cross section for the analogous process v,n —
A, (p7v,) can be obtained through the straightforward
replacements m, — m, and B(r = zv,) = B(z = pv,),
together with a rescaling of the polarization term in
Eq. (16) by the p analyzing power, (m?—2m3)/(m? +
Zm%) < 1 [32]. Reference [32] also provides the necessary
ingredients to address the four-particle final-state processes
v.n = N1 (" o,v,) and v,n — A7 (e 0,v,). Analogous
considerations apply to the antineutrino-induced reac-
tion o, p - At (x'D,).

IV. THE #,p — At* (z*7,) REACTION

In addition to the obvious changes in the values of the
CKM matrix elements, masses, form factors, Wilson
coefficients, and density-matrix elements entering the
evaluation of > _; rp,, > ., Wy’L,,,—as discussed in
Appendix B when deriving the 7,p - Az (z1D,) distri-
butions from the results of the previous section—one must
also implement the additional modification

2m 2m
14— 5 (==, . 20
< T 7’) ( m2—m2"" 7’) 20

with P defined exactly as before but evaluated using the A
and proton masses, the corresponding Wilson coefficients
from Eq. (5), the appropriate form factors for the p — A
transition, and the density-matrix elements corresponding
to the antineutrino beam.

For this transition, we will use two different sets of form
factors. First, we consider the A — p semileptonic decay
helicity form factors computed in Ref. [38] using lattice
QCD (LQCD). These results must be analytically contin-
ued to the region of large negative g?, which could
introduce uncertainties in the theoretical evaluation of
the various observables considered here. The second set
corresponds to the phenomenological determination pro-
vided in Ref. [39]. In both cases, only the vector and axial
form factors are given; however, the scalar and pseudo-
scalar form factors can be obtained using the equations of
motion.”

The corresponding expressions for the Fg and Fp form
factors in the n — A, transition are given in Appendix A of
Ref. [29] and can be applied here with the appropriate sub-
stitutions.

V. RESULTS

In what follows, we shall assume the neutrino/antineu-
trino beam to be fully left/right-handed.

Acv,n > At (7 v,)

In this subsection, we present results for the v,n —
At (7" v, ) reaction, including the pion double-differential
cross section d?c/(dE,dcos@,), the single-differential
cross sections do/dE, and do/dcos@,, as well as the
angular CP-asymmetry Ao, defined in Eq. (17). In all cases,
we use the LQCD form factors computed in Ref. [40]. As
discussed in Ref. [29], these form factors must be analyti-
cally continued from the g> > 0 region of the A. — n
decay to the ¢g*> < O relevant for the v,n — A,z reaction.
This extrapolation outside the fitted region introduces
significant uncertainties. The impact of these uncertainties
on the v,n — A7 cross section was analyzed in Ref. [29],
with the conclusion that they limit the precision of
theoretical predictions. The results presented below have
been evaluated using the central values of the form factors
from Ref. [40] and, in the absence of a more reliable
determination in the large negative g> region, should be
considered indicative of the expected behavior of these
differential cross sections.

In Fig. 2, we present the double-differential cross section
d?c/(dE,d cos6,) evaluated at E, = 10 GeV within the
SM. The available pion phase space is strongly restricted,
forming a narrow kinematical band in the (E,,cos@,)
plane. The cross section exhibits a pronounced accumu-
lation of strength in the forward region, with pions

d? -
e [1073%cm?/GeV]
1.0_ m m
0.0175
0.8
0.61 Ve+n->Ne+T7 0.0150
E,.=10GeV, SM
0.4+ 0.0125
0.2 1
Q(;’: 0.0100
2 -0.0
Y 0.2 0.0075
-0.41 0.0050
_0.6.
0.8 0.0025
-1.0 . ; ; . ; . 0.0000
0 1 2 3 4 5 6 7

E; [GeV]

FIG. 2. Double-differential cross section d*c/(dE,d cos 9,) for
the v,n - A7~ (n7v,) reaction at E, =10 GeV, evaluated
within the SM for a fully left-handed polarized v, beam. The
form factors have been taken from Ref. [40].
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% - 4 0.001
(e

=

& H - 0.0005
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~
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=
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FIG. 3.

vr+n—=A+7 (=7 0,)

—_— 007

- — SM 1 0.06
I W CY pp=04+012¢7 [T
L 40.05

i E, =10GeV 7004
= 0.03

0.02

0.01

do/dcos 6, [10738 cm?]

. . . . | . . . . | . . . .
0.7 0.8 0.9 10

cos 0,

Differential cross sections do/dE, (left) and do/dcos0, (right) for the v.n — Az~ (z7v,) reaction evaluated at

E, =10 GeV, for a fully left-handed polarized v, beam. The SM prediction (red curve) is shown together with results including
NP effects (orange-shaded band) induced by a nonzero Wilson coefficient CY)_., = 0.04 + 0.12¢™. In both panels, the upper limit of

the band is reached for ¢ = 0, while for the lower limit ¢ = 7.

predominantly emitted at small angles relative to the
incoming neutrino direction, i.e., cos @, = 1.

This feature is more clearly exposed in the right panel of
Fig. 3, which shows the single-differential distribution
do/dcos@, and reveals a strong forward peaking.
Complementarily, the left panel of Fig. 3 displays the
do/dE, distribution, where the cross section is seen to be
concentrated at low pion energies—an effect that is not
immediately evident from the two-dimensional representa-
tion in Fig. 2.

In Fig. 3, we also illustrate the impact of allowing for a
nonzero CY_p, Wilson coefficient. As discussed in
Ref. [29], this is the only Wilson coefficient that is not
strongly constrained to small values by the combined
analysis of Drell-Yan data and purely leptonic D-meson
decays performed in Ref. [27]. Consequently, it is the only
coefficient capable of inducing sizable deviations from SM
predictions. Following the same conservative strategy as in
Ref. [29], we assume that deviations from the SM remain
moderate and take |C). ,, —0.04| ~0.12, ensuring that
|CY. k| = O(107") while staying consistent with the
constraints derived in Ref. [27]. The resulting impact is
illustrated in Fig. 3 as a band. We see that this Wilson
coefficient can either enhance or suppress the differential
cross sections, while largely preserving the overall shapes
of the distributions.

We now turn to the CP-asymmetry Ao, defined in
Eq. (17). As mentioned above, the asymmetry arises from
the interference between vector-axial terms with scalar-
pseudoscalar or tensor terms, as well as between scalar-
pseudoscalar and tensor terms. For the asymmetry to be
nonzero, at least one of the Wilson coefficients CngL,
Ch..,, or C]_, must be nonzero, and at least one of the
involved coefficients must be complex.

Since CY., and C4., are already O(1) within the SM
and BSM, corrections are expected to be small, the largest

contributions to the asymmetry come from a nonzero
imaginary part in C5_,, Ch ., or C}_,, ie., from the
interference of vector axial with scalar-pseudoscalar or
tensor terms. In the following, we assume that only one of
CS..11s Cooipps OF Ch_ is nonzero at a time and purely
imaginary. This approach allows us to illustrate the possible
magnitude of the CP asymmetry if one of these Wilson
coefficients is complex. The results for £, = 10 GeV are
presented in Table I. The modulus of each coefficient is
constrained using the 95% confidence level limits from
Ref. [27], derived from Drell-Yan data.

TABLEI. CP-asymmetry Ao [Eq. (17)] and total cross-section
variations (¢ — ogy) for the v,n — A.t™ (7" v,) reaction, evalu-
ated at £, = 10 GeV for a fully left-handed v, beam. The SM
total cross section is ogy = (0.0056 0019) x 1073% cm?, where
the uncertainties take into account both the statistical and
systematics errors in the determination of the form factors.
The central value is used in this work. The NP effects are
generated by assuming that one of the Wilson coefficients C5_
CS..z» or CI . is nonzero and purely imaginary. See text for
further details.

CgcrLL % (%) g;:;M (%)
0.01i 0.13 2.8x 1073
0.03i 0.39 2.6 x 1072
CgchL % (%) % (%)
0.01i 0.072 28 %1073
0.03i 0.22 2.6 x 1072
ClerL (%) ot (%)
0.001; 4.4 %1073 6.7 x 1074
0.007{ 3.1 x 1072 6.5x 1072
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FIG. 4. Double-differential cross section d*c/(dE,d cos 0,) for the o, p — A" (7"D,) reaction, evaluated at E; = 5 GeV within the
SM for a fully right-handed v, beam. The left panel shows results using the LQCD form factors from Ref. [38], while the right panel is

evaluated with the phenomenological form factors from Ref. [39].

As expected, the resulting asymmetry values are very
small compared to the cross section. Nevertheless, any
nonzero asymmetry, however tiny, would indicate the
presence of CP-violating NP. The table also reports the
fractional change in the total cross section, which is
similarly found to be small. These predictions provide
an estimate of what to expect if the reaction occurs on a
deuteron. For heavier nuclei, a proper treatment of nuclear
medium effects is required, which will be addressed in a
future work.

B.vp— At* (n*D,)
Here, we present nucleon-level results for the v, p —
Azt (n"D,) reaction. As in the n — A, case, we show the
pion double-differential cross section d?c/(dE,dcos0,),

Ur+n—A+77 (=70,

A 0.0008
= — LQCD ]

3 — Phen. 1

C\E i - - Phen., rescaled -] 0.0006
Z By, =5GeV, SM |

cv‘a - 4 0.0004
L ]

-

Lﬂk - 4 0.0002
g ]

~— i

'g | i

o I 3 4 50

>
E; [GeV]

FIG. 5.

the single-differential cross sections do/dE, and
do/dcos@,, as well as the angular CP-asymmetry Ao,
all evaluated at E; =5 GeV.

In Fig. 4, we display the SM double-differential cross
section d’c/(dE,dcos®,). The left and right panels are
obtained using, respectively, the LQCD form factors from
Ref. [38] and the phenomenological form factors of
Ref. [39]. As before, the allowed pion phase space is
highly constrained, resulting in a narrow kinematical band.
Clear differences between the two form-factor prescriptions
are already apparent, impacting both the shape of the
distributions and the overall magnitude of the cross section.

In Fig. 5 we present the SM single-differential cross
sections do/dE, (left panel) and do/d cos 0, (right panel).
The angular distribution exhibits a clear forward peaking,
although less pronounced than in the v,n - A7 (77v,)

Ur+n—A+77 (> 7t0;)

R S — 0.005
e — LQCD ]
B L — Phen. 4 0.004
S - - Phen., rescaled i
» ;o
L 0.003
= E,. =5GeV, SM
< F 0.002
n
Q
g 1
S 1 0.001
b 4
s r ]

1 05 0 05 19

cos 0,

SM differential cross sections do/dE, (left panel) and do/d cos 0, (right panel) for the o, p — Az" (z"D,) reaction, evaluated

at £; =5 GeV for a fully right-handed polarized 7, beam. Results obtained using the LQCD form factors from Ref. [38] (red curve)
and the phenomenological form factors from Ref. [39] (black curve) are shown. The dotted curve corresponds to the latter prediction
rescaled to reproduce the total cross section obtained with the LQCD form factors.
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TABLE II. CP-asymmetry Ao [Eq. (17)] and variations of the
total cross section (¢ — ogy) for the o, p — Az (z"D,) reaction,
evaluated at E; = 5 GeV for a fully right-handed v, beam. The
NP effects are generated by assuming that one of the scalar
Wilson coefficients C5,_,, or CS, ., is nonzero and purely
imaginary. Two sets of hadronic form factors (FFs) are
considered: the LQCD form factors from Ref. [38] and the
phenomenological form factors from Ref. [39], which yield
SM total cross sections of ogy = 0.00124 x 1073 ¢cm? and
o5y = 0.00045 x 10738 cm?, respectively. See the text for further
details.

FFs from Ref. [38] FFs from Ref. [39]

Courr 2 (%) Tt (%) 22 (%) T (%)
0.01{ 0.26 0.51 —0.13 0.01
0.17 1.74 51 —-1.26 1.08
FFs from Ref. [38] FFs from Ref. [39]
Churr 2 (%) oo (%) 22 (%) oot (%)
0.01{ —0.40 0.51 —0.14 0.01
0.1¢ —2.68 51 —-1.4 1.08

reaction, while the energy distribution is dominated by the
low-energy region of the pion spectrum. The differences in
the overall normalization obtained with the two form-factor
sets are now clearly visible. In addition, noticeable shape
differences are observed: the distributions computed with
the phenomenological form factors of Ref. [39] peak at
larger values of cosé, (closer to 1) and at lower pion
energies E,.

In Table II, we present the results for the CP-asymmetry
Ao, defined in Eq. (17). In this case, tensor form factors are
not available, so we focus on the effects of nonzero, purely
imaginary C5,,;, or C5 .. Wilson coefficients. We assume
that only one of these coefficients is nonzero at a time, with
its magnitude kept moderate, not exceeding 0.1. The
resulting asymmetry depends on the choice of form-factor
set, and the values should be regarded as indicative of the
expected order of magnitude in the presence of CP-
violating new physics.

Examining the change in the cross section relative to the
SM value, also shown in Table II, we observe a large
increase when using the LQCD form factors with a Wilson
coefficient modulus of 0.1. This result is somewhat
unexpected given the small values considered for the NP
Wilson coefficients and points to issues with the extrapo-
lation of some form factors to large negative g> values. The
LQCD form factors from Ref. [38] were determined in the
range g € [-0.25 GeV?, g, With ghu = (Mpy—M,)*~
0.0315GeV?2. However, for the present reaction at
E; =5 GeV, values as negative as —5 GeV? can be

reached. This makes the extrapolation to this g> region
somewhat problematic. We attribute the large change in

the cross section including NP effects to the axial
helicity form-factor gy. This does not imply that g, is
improperly evaluated in Ref. [38] within the range
q* € [-0.25 GeV?, g ]; rather, it indicates that extrapolat-
ing the provided parametrization to large negative ¢° values
is likely not justified. The parametrizations in Ref. [38] do
not include explicit poles at positive g2, causing some form
factors to approach zero slowly as g> — —oo, in contrast to
the phenomenological form factors from Ref. [39].

VI. CONCLUSIONS

We have derived general expressions for 7 (anti-)neu-
trino-induced production of strange and charmed hyperons
on nucleons, incorporating all dimension-six BSM oper-
ators contributing to the charged-current transitions v, u —
st and v,d — c¢t~, and allowing for both left- and right-
handed neutrino fields. The final-state 7z lepton does not
propagate far enough to produce a displaced vertex, and its
decay necessarily involves at least one additional neutrino.
As a consequence, extracting complete information from
the underlying weak vertex—ideally the full set of com-
ponents of the polarization four-vector over the two-
dimensional kinematical domain [36]—requires exploiting
the visible kinematics of the decay products in the
subsequent 7 decay. In this work we focused on v,n —
At (z7v,) and D,p — At (n"D,) sequential reactions.
This allowed us to construct a CP-asymmetry observable,
Ao, by separately counting events in which the pion is
emitted above or below the plane defined by the incoming
neutrino and the outgoing hyperon. A nonzero value would
constitute a clean and unambiguous signature of CP-
violating new physics beyond the SM.

We have obtained estimates of the SM and NP pion
single- and double-differential cross sections, as well as of
the total integrated cross sections and Ao, for both A, and
A hyperon production. Following the strategy of Ref. [37],
the statistical sensitivity of the pion energy and angular
distributions is enhanced by integrating over the outgoing
hyperon energy. For NP predictions we adopted a
conservative approach and considered moderate deviations
of order O(107!) in the relevant Wilson coefficients. The
resulting effects are generally small, yet potentially observ-
able. The corresponding CP-asymmetry ratios Ac/c are
expected to reach, at most, the percent level. Depending on
the complex phase of the Wilson coefficient under con-
sideration, they may either enhance or suppress the differ-
ential cross sections while largely preserving the overall
shapes of the distributions. This complicates the extraction
of a clear NP signal due to the inherent uncertainties in the
SM calculation. The dominant source of theoretical uncer-
tainty originates from the limited knowledge of the had-
ronic form factors in the g < 0 region relevant for (anti-)
neutrino-nucleon scattering. Those uncertainties imply that
the results presented in this work should be interpreted as
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approximate estimates. In order to reduce the sensitivity to
hadronic form factors, we introduced the CP-odd asym-
metry Ao defined as a ratio of partially integrated cross
sections. Furthermore, any nonzero value of this asymme-
try would constitute a clear signal of CP-violating new
physics beyond the SM, irrespective of the specific form-
factor inputs.

In future studies of these reactions in a nucleus, the 7
momentum will be no longer uniquely determined by the
momenta of the incoming neutrino and the outgoing
hyperon. Consequently, in the absence of direct z-lepton
detection—which is experimentally challenging—the lep-
ton (v,77/0,r7) plane cannot be defined. As a result,
although the asymmetry in Eq. (17) can still be considered
when final-state interactions of the outgoing hyperon are
neglected, it would no longer depend uniquely on the CP-
odd quantity Prr.

In conclusion, the formalism developed in this work is
fully general and readily applicable to weak transitions
involving other quark flavors—such as neutron-proton or
proton-neutron processes—as well as to the production of
different hyperons. Requiring only the relevant hadronic
form factors and NP Wilson coefficients, it provides a
flexible and robust framework for exploring NP in a broad
class of neutrino weak processes. In principle, such
reactions could be investigated at the nucleus level at the

DUNE far detector, where “a modest but unique v, data
sample” [41] is expected.
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APPENDIX A: LEPTON TENSOR, 7
POLARIZATION VECTOR, AND PHASE-SPACE
INTEGRATION IN v,n —» At~ (m™v,)

1. Lepton tensor

The tensor for the two neutrinos and the final pion is

given by the product of lepton currents, £, = 1,1, with
|
R K +m 1 >
Lo =2Ggf, V', (p,.L)p#,P g I',—P,u, (k,y). Al
w0 =20 Vaate P VPP s o () ey e ) (AD)
where I'; =y,.I and 6,,, and u is a dimensionful Dirac spinor. We have employed the effective 7 — zv, vertex
‘Cr—my, = _iZGanVZdlijy,(x)yﬂlePr(x)aﬂq)ﬂ(x>’ (A2)

where f, ~ 93 MeV is the pion decay constant, V,, the CKM matrix element for W= — id, k' the intermediate 7 four-
momentum, and I'; its total width, dependent on the invariant mass; then, using p, = k' — p, and assuming massless
neutrinos, /,, can be rewritten as

b Xa
K2+ m K 1 >
Lo =2Ggpf, Vi, (p,.L)P ! I,—P,u, (k,y). A3
o =20 S Vi e P i iy v e ) )
Since I",(Vk"?)/m, < 1, one can approximate
1 T
= S(k'* —m?2), A4
(K% = m?)? + K2 T2(VK?)  mTI(m,) ( ) (A4)
and from there one obtains'®
t 4”er12Vf;21|Vud|2 / 1 ort, 00 ” 2
‘C;(ab = l){ul)(b = TTr[%u,PR(k + mf)ra EP;(ky Fby (k + mT)PL]5<k - mr)' (AS)

ZT

"The presence of the chirality projectors in [,,[,

calculation to a Dirac trace.

,» permits summation over the chiralities of both neutrinos, thereby reducing the
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Further using

m2 2)2
r.. =GRV g ) A6
T mx,( ) Ff | ud| 87Z'm ( )
we arrive at Eq. (10) and to
2M GZ Vc‘ 2 d? / d3 3
GZB(T—)HIJ) A, F| d| / / pn’/ p15 )(k+p p - pb,)
27r3|k|
S 6((k + pP— pl)z - m%) Z p){;{ZW;hTr[ﬂy,PR(k/ + mr)ra EP)(kyOFZyO(k/ + mr)PL}' (A7)
x=L,R ab
Using now that p, =k’ — p,, we have
1 N
Tr [py,PR(kl + mr)ra EP;(k}/OFlI;}/O(kl + mr)PL:|
= (m? K)Tr | (¥ r,Ap om0 | — |, Ly r, L p gori o
_(mr_Pzr' ) r ( +mr> ai A7 Ly —Ar ﬂﬂEJ/S( +mr> az P4 by( +mr>
mlz'_mizt / 1 ort,0 1 / 1 o, 0
= TTr (k + mr)ra ip)(ky Fby —|-§Tl" (k + mr)raEP)(ky Fby (k + m‘r)ySﬁﬂ ) (AS)
which then leads to Eq. (11).
2. Polarization vector
We provide here the details of the 7 polarization vector introduced in Eq. (13). In Ref. [29], it was shown that
ab “k (p i k)2
N<a) k-p) MZ ZP;{;{ZW Lyar = —A(®) + B(w ) M2 (w) ME | (A9)
ny=L,R a,b n
Proceeding as in Ref. [36], the polarization four-vector P* reads
P ! [N(k)i/v(k)”kqp/v(k)] (A10)
= w,k-p)+— w,K-p)+ w,k-p
./\/(a) k-p) (M HI H2 M H3
- p-k
NHl(w,k'p):_AH(CU)+CH(W)W7 (Al1)
- Pk (p - k)?
Nip(@.k- p) = =By(o) + Dy(w) Y En() Y (A12)
- p-k
No(o. k- p) = =Fp(@) + Gu(w) 5 (A13)

The expressions for the functions A(w), B(w), and C(w) in Eq. (A9), and for Ay (@), By(®), Cy(w), Dy(w), Ex(®),
Fu(w), and Gy (@) in Egs. (A11)—(A13), in terms of the VNVZ structure functions are given in Appendix D of Ref. [32]. In
that reference, the quantities M, M, and m,, correspond to M,,, (M,, — M 5 ), and m., respectively. There, these functions
are obtained by summing over y = L, R, as the analysis involved a final-state neutrino with a small but nonvanishing mass,
allowing both chiralities, while neutrino-mass-suppressed and left-right interference terms were neglected. In the present
case, the neutrino is incoming, and for a purely left-handed neutrino (right-handed antineutrino) beam produced by SM
interactions, only the y = L (y = R) contributions should be retained. More generally, a factor p,, must be included in the
chirality sums entering the definition of these functions.
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Equations (A9), (A11)—-(A13) follow directly from crossing symmetry, with the scattering reaction differing from the
decay in Ref. [32] by the interchange of the neutrino four-momentum k between initial and final states.
The longitudinal and transverse components of the polarization vector in Eq. (14) are [36]

P KR ey M—EMMWMWﬁVprﬂ
¢ N(Cl),k . p) me & ' Mnmr |/—€)/| e '

o _ KB sin¢ Ny .k - p)
KM,  N(o.k-p)
|KIP|sing Ny

M3 ./(/(a),k-p)’

Prr =

(A14)

where we have taken the Z* axis along the incident neutrino three-momentum k and where

P = PR+ R - 207 Rlcose. k0= \/IFP + m2 (ALS)

are the three-momentum and energy of the intermediate tau lepton.

3. Phase-space integration
Starting from Eq. (11) for the cross section, for each value of p’ we can now take a rotation R around the Z axis, defined
by l_c: such that p’ = Rp' = (E',—|p'| sin €', 0,
along p’ x /Z while the X axis lies along (p’ x /Z) X l_c' as shown in Fig. 1. Using this transformation, Lorentz invariance,

and the changes of variables Rp, — p, and Rp, — p, (with Rp = p and Rk = k), the integration over the A, azimuthal
angle becomes trivial, leading to

m2M, G|V, . Bp, [ dp,
6 =Bt > m,) ——e r|Ved /dcos9’|p’|dE’/ p”/—Epf5<4)(k—|—p—]3’—p,r—py1)

p'| cos @'). Equivalently, on an event-by-event basis, the Y axis is defined

222 K| (m? = m}) E
- 2m,
x8((k+p=p2=m)| > py> WeLy|(1+—5——5p. RP), (Al6)
v=L,R a,b me my
with
RP = PLRNL + PTRNT + PTTRNTTa
|]_€"| P o 2 N .
RN W = |—,——=|p/|sin@,0,——=— (k| — |p’| cos &) |,
vy = (Ll (=171
1 - o o
(RN7)! = @(0, k| = [p'| cos &', 0, =[p'| sin @),
(RN77)" = (0,0, 1,0), (A17)
and
N = k/O - N -
p”~RP:& E,,|k'|—|p|’;_(,/ (|p'| sin@, cos @, sin@ + cos @, (k| — |p'| cos@'))
mT
PrlBel (71 = |5/| cos @) sin P'|sin@ cos6,] — Prr|plsind, si Al8
# 2R R = P0050)sinds cosge + Fsin <050,] = Prrlpel 0y singy. (A19)

We now introduce 6,, the polar angle of the virtual z, and cos 6,,, the cosine of the angle between the three-momenta of the
7~ and the 7~ (see Fig. 1),
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= (|p'| sin®,0, ié| —|p'|cos®) = |E’|(sin91,0, cosf,), (A19)
cos@,, = sin@, sin@, cos @, + cosO, cosO,, (A20)
and rewrite
Pr-RP = PL [E,,|I?| — | P2k cos @] + % [cos @, — cos @, cos O] — Prr|p,|sinb, sin ¢, (A21)
m; 1 T
which leads to
m2 2 3 3
MA G |Vcd’ / d V4 d Pu
c=B(r—>n,) ——"—— dcosG’ﬁ”dE’/ = SHk+p—p —per— D,
)2ﬂ2|k|( m; — mz) 7 E,. J E, ( %
2m, 1 - .
((k+p p [prxz )(ab:| { Tmz (PLE[EITUC/l - |pﬂ|k/0c059m]
v=L.,R ab mz n T
% [cos O, — cos O, cos 0., — Prr|p,|sinb, sin (p,,) } (A22)
Now using the delta functions to integrate over d°p,, dcos @', and d¢,, we obtain
m2Mp G|V 4? H(1 —|cos, H(l - 9
o= Bzt - nv,) 5 2 FlVed / [c0s 65) dE ’/dcos,,dE,, - éo . \cosg.o,,|)0
2z |k| m? — m? \/ |k|+M —EY —m? sin 6 sin 6, sin )|
T L 7 - 7=
<[ S S L] {12 (PP 4 1772 - 2R 7 cos 0
v=L.R a.b my T 3
N - " PT|I_571'| 0
— Pl (k| + M, — E") cos 62,] + — 7 [cos 8, —cos @ cos 02, | ¢, (A23)
sin 6!

where cos 6, cos #°, sin@?, cos ¢?, and cos 0%, are fixed by the momentum-conservation delta functions and given by

: 2E (k| + M,,) + m? — (M2 +2M, |k|+M2 )
cos )y = )

2/kl|7'|
E 1 0 5| sin @'
COSQQ — | | |p |COS 0 , Singg _ ‘p |Slﬂ 0 ,
k| +M, — E')? —m? k| + M, — E')? — m?
(k[ +M, — E')* —m7 n :
o 2(|l;|—l—M,,—E’)Eﬂ—mz—mﬁ—2|ﬁﬂ|\/(|lz|—I—M,,—E’)Z—mfcosﬁgcosﬁ,,
cos @ = ,

2/ (Rl + M, — B — m2sin 2 sin 0,
2|+ M, ~ E)E, = m2 = m ot
215, (R + M, = B = m?

cos @2, = sin#%sin @, cos p? + cos @Y cos @, =

After integrating over ¢, Eq. (A24) no longer retains sensitivity to Pyy. However, an angular asymmetry in the pion
azimuthal angle can be constructed:
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Ao =00 <@, <n)—o(n < ¢, <2r)
mM G|V cal?

H(1 — | cos 6 H(l - 0
== B(T —> TV ) / |COS |) d //dCOSﬂdE” . (0 i |COS (.pﬂ|)0
27z2|k| (m? — m? \/ ‘k| Y M, —E) - sin 67 sin 8, sin ¢ |
[Zp”ZW Ly s (= Prell s sins (A25)
x=L.R ab

which probes Pry and thus CP-violating new physics beyond the SM.
The Heaviside function H(1 — | cos 6|) in Eqs. (A23) and (A25) constrains E’ to the interval E' € [E_, E', |, where E,
correspond to the maximum and minimum energies available to the final A. when produced in association with a z lepton,

M% —m2 . AV2(S, M3, m?
Aot o S m)

IzMS—I—(
= (R + M) e R A

(A26)

with /S = /M2 + 2|k|M,, the total center of mass energy and A(a. b, ¢) = a® + b* + ¢ — 2ab — 2ac — 2bc the Killen
lambda function.
For a given E', the condition |cos6?,| < 1 restricts the pion energy to the interval E, € [E; (E'), E; (E')],

(m2 + m2) (K| + M, — E') = (m2 = m2)\/ (K] + M, — E'Y> = 2

T
2m?

T

EX(E) = (A27)

Besides, the H(1 — | cos ¢2|) function restricts cos @, to the interval cos 8, € [cos(82, + 62), cos(62, — 62)]. In addition we
have

sin @Y sin 0| sin 92| = \/1 — 0820, — c0s?6? — cos?0%, + 2 cos b, cos ) cos 2,

= \/(cos 0, — cos(6%, + 02))(cos(82, — %) — cos6,,). (A28)

Taking all these considerations into account, we arrive at the final expressions given in Egs. (16) and (17) for the triple-
differential cross section d*c/(dE'dE,d cos6,), and, analogously, for the asymmetry Ac.

One can increase the statistics of the pion energy and angular distributions by performing first the dE’ integral in
Eqgs. (16) and (17). To this end, we interchange the order of integration,

My G|V, q|*  [E= 1 O(cos,,E,) [E:
o = Blz — ) "MaGrlVed / dE,[/ dcoseﬂM/ " dE' (A29)
22 k| (mF — mz) Jeg -1 VIA| ’

_ WL, 2 =
2ot Rl 0 Wi Lyas <1 + {& /(K + M, — B = m2
m m

VE-E)E,-F) T \im,
— 1Bl (k| + M, — E') cos 6%,] + PT'ZS' (cos 0, — cos & cosHQ,,)}), (A30)
sin 6"

2M G2 VC 2 Emax 9 E
Ao = B(z — mv,) —2 e F‘ d / / deos 0, 2L )/ dE'
27[2|k| min | ’

DL kP20 Wy Lyay  2m, - .
x \I/(E/ —XZEII)(EIZ ij() m% _ m}zz [_PTT|p7r|| sm(p2| Slneﬂ}’ (A31)

where we have written
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(cos @, — cos(62, + 62))(cos(62, — 62) — cos@,,)
=1 —c0s%0, — cos?6? — cos?0%, + 2 cos 0, cos 8 cos 62,
AE? + BE' + C _JAI(E' - EY)(Ey - E)
(|k|+Mn_E,>2_m% <|k|+Mn_E/>2_m$
(A32)

with the numerator being a second-order polynomial
AE"” + BE' + C in the A, energy, with E}, > E| its two
roots, and where we have taken into account that the A
coefficient above, which is given by

E, (k| +M,)
K[| 7]
(A33)

|1<|+Mn>2 E;

A:sinzeﬂ—< = ——="5+2cosd,
k| | Pl

is negative.'' The O(E,,cos6,) function is 1 if B? —
4AC > 0 and zero otherwise, guaranteeing in this way
that E' , are real. Besides, one has'?

[Emax :E+(E/ ) Emin — {E;(E/_) |k‘ < kO
T z -/ 4

me K>k
i _mg(Mn_mﬂ)+Mz1m72r+mﬂ(M%\‘_M%z) (A35)
° 2(Mn_mﬂ')ml! ‘

APPENDIX B: CORRESPONDENCE BETWEEN
THE v,p - At* (z*v,) AND v,n —> At~ (7 v,)
CROSS SECTIONS

In this case we have for the t© — n"D, decay the
effective vertex

‘C‘?—ﬂu'/f = i2GFfszud\ijf(x)7ﬂPLlPu,(x)aﬂqu ()C)
= —i2Gpf,V ¥, (X)r" PR¥E(x)0,®* (x), (BI)

where the last expression is written in terms of the 7 and v,
charge-conjugated fields. With respect to the reaction
analyzed in Sect. III, and apart from the obvious changes

"'Note its maximum is reached for 6, = 0, being its value at
that maximum
_(\k\ + M, _ @)2 <0,
k| | Pl

with the equality holding only for cos 6, = 1 and E, = m,(|k| +

(A34)

M,)/\/ M2 + 2M,,|k| which is a null set.

For the pion to be at rest, the energy of the intermediate
7 has to be (m?+ m2)/(2m,). However, for this to happen
one needs that |7€| > ko. The ko value derives from the
forward scattering equality ko + M, = (m2 + m2)/(2m,)+

VMR (o — (2 = m2)/(2m,)2.

in the values of the CKM matrix elements and masses, form
factors, Wilson coefficients, and density-matrix matrix
elements that enter the evaluation of »  _; rp, X

Y oab W)‘(’b L., we now have the extra modification
1
Tr[ﬁU,PR(k/ + mT)Fa EszYOFZYO(k/ + mT)PL]

1
— Trlp, PLK + mo)Ua s PRY T (K + me) Pl
(B2)

with p, , k' representing the four-momenta of the final 7, and
intermediate 7t respectively. We get for that trace
(po, = K = pz)

2 2 1
%Tr[(l&’ +m,)T, EPlkyOF;yo}

1 1
- ETr[(k/ =+ mr)ra prkyorzyo(k/ =+ mT)YSﬂJT}' (B3)

Comparison with Eq. (AS8) thus leads to the additional
modification specified in Eq. (20).

We note that Eq. (20) is consistent with the results of
Eq. (10) in Ref. [42], where the similar v,A; - 77 (77 v,)X
and ,A; — 7" (x*D,)X reactions, driven by the d — u and
u — d transitions respectively, were analyzed within the
SM. It might look like that, for the case of the antineutrino
induced u — d reaction, the expression of Ref. [42] and that
found here differ in an overall sign in the p - P contribution.
However, both calculations are consistent, and the apparent
sign discrepancy disappears when ones takes into account
the fact that for the SM contribution, the only one considered
in Ref. [42], the P, projector in our present Eq. (B2) is Pg.
This is because, within the SM, all combinations of Wilson
coefficients in Eq. (6) are zero, except for the right-handed
CY, r and C4 . which take the values —1 and 1, respec-
tively. In contrast, the SM contribution to the polarization
vector is purely left-handed for the neutrino induced d — u
transition, since in that case, all combinations of Wilson
coefficients are zero, except for Cy and C4 which are both
equal to one [see the similar case in our Eq. (4)]. Next, one
should take into account that right- and left-handed con-
tributions to Ay, By, C3, and Dy, functions, which appear
in the calculation of the SM P#, differ in an overall sign, as
can be seen in Eq. (D.2) of Ref. [32], and it compensates the
overall sign in the p, - P term of Eq. (20)."

This is because of the factor h,inthe ) _; r of Eq. (D.2) of
Ref. [32]. In addition, we can see in Eq. (D.1) of the same reference
that this distinctive sign (4,) does not appear in the sum of left-
and right-handed contributions to A, 3, and C, which determine the
overall Y7,/ 1Py >0y WeL,y, factor. Finally, we note that
when only SM is considered, we have C} C4 = 1 for neutrinos,
while C}C#% = —1 for antineutrinos. This is responsible for the -+
differences in P seen in Egs. (7) and (8) of Ref. [42].
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