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We derive fully general expressions for the inclusive (anti-)neutrino-induced nuclear quasielastic
production of a strange or charmed baryon Y, considering all dimension-six new-physics operators relevant
to the semileptonic q → q0lνl transition with both left- and right-handed neutrino fields. We illustrate the
formalism by applying it to the Λc production in neutrino-nucleus scattering. The nuclear response is
computed using a state-of-the-art ab initio spectral function, based on realistic nuclear many-body wave
functions obtained via the coupled-cluster method and a nuclear Hamiltonian derived from chiral effective
field theory.We also highlight the role played by the final state interactions between the produced Y hyperon
and the residual nuclear system, which can obscure potential new physics signals in this (anti-)neutrino–
nucleus reaction. Our results improve upon previous studies that neglected nuclear corrections and
uncertainties—effects we show to be comparable to, or even larger than, those expected from new physics.

DOI: 10.1103/ll9y-1v4z

I. INTRODUCTION

Despite its remarkable success in describing a wide
range of experimental observations, the Standard Model
(SM) is widely regarded as a low-energy limit of a more
fundamental theory. This perspective is supported not only
by theoretical considerations (see, e.g., Chap. 10 of
Ref. [1]) but also by experimental results that remain
unexplained within the SM. One key feature of the SM
is lepton flavor universality—the principle that all three
lepton families couple identically with the W and Z
gauge bosons. It is precisely this feature that has been
called into question by recent experimental anomalies. The
most compelling indication of possible lepton flavor
universality violation comes from the ratios RDð�Þ ¼
ΓðB̄ → Dð�Þτ−ν̄τÞ=ΓðB̄ → Dð�Þl−ν̄lÞ for which the
HFLAV Collaboration [2] has reported experimental aver-
ages that deviate from SM predictions at the level of 3.1σ.
A related observable, RJ=ψ ¼ ΓðB̄c → J=ψτ−ν̄τÞ=

ΓðB̄c → J=ψμ−ν̄μÞ, measured by the LHCb

Collaboration [3] also shows a tension with SM expect-
ations, with a deviation of approximately 1.8σ [4–16].
However, not all measurements point to deviations from
the SM. For instance, the ratio RΛc

¼ ΓðΛ0
b → Λþ

c τ
−ν̄τÞ=

ΓðΛ0
b → Λþ

c l−ν̄lÞ as measured by the LHCb Collaboration
[17], is consistent with SM predictions from Ref. [18].
Similarly, the first measurement of the inclu-
sive semileptonic decay ratio RXτ=l

¼ ΓðB̄ → Xτ−ν̄τÞ=
ΓðB̄ → Xl−ν̄lÞ, recently reported by Belle II [19], is
compatible with the SM predictions from Refs. [20,21].
If physics beyond the SM (BSM) is indeed responsible for
lepton flavor universality violating effects, one would
expect such contributions to manifest across transitions
involving multiple quark generations. However, the current
inconclusive results suggest that any BSM effects at the
energy scales probed by the present experiments must be
moderate. Therefore, achieving high-precision experimen-
tal data, along with equally precise theoretical calculations,
is essential to reliably uncover or constrain possible new
physics (NP).
Awidely used, model-independent approach to study the

relevance of BSM physics effects at the energy regime
accessible to current experiments is through an effective
field theory analysis. In this framework, a phenomenologi-
cal perspective is adopted by systematically incorporating
all possible low-energy dimension-six operators that
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mediate q ↔ q0 transitions. These operators are assumed to
arise from NP effects at higher energy scales. One of the
pioneering works following this strategy is found in
Ref. [22]. The strengths of these NP-induced operators
are parametrized by unknown Wilson coefficients (WCs),
which can, in principle, be constrained or extracted through
fits to experimental data. As detailed in Sec. II, the effective
Lagrangian includes operators corresponding to various
interaction types: vector, axial-vector, scalar, pseudoscalar,
tensor, and pseudotensor.
For the d ↔ c quark-level transition, valuable informa-

tion can be obtained from the study of the ratio
Rτ=μ ¼ ΓðDþ → τþντÞ=ΓðDþ → μþνμÞ. This observable
was first investigated by the CLEO Collaboration [23],
which reported a statistically nonsignificant result and
provided only an upper bound. A more recent measurement
by the BESIII Collaboration [24] yielded a central value
larger than the SM prediction, though it remains consistent
with it within the uncertainty 1σ. Taking this result at face
value, several studies have attempted to constrain the
corresponding WCs within the effective field theory frame-
work [25–28]. It is important to note that these purely
leptonic decays1 are only sensitive to axial-vector and
pseudoscalar WCs. In contrast, vector, scalar, and tensor
operators can be probed through complementary processes,
such as monolepton production in high-energy charged-
current Drell-Yan reactions [28].
In Ref. [29], Kong et al. proposed the quasielastic (QE)

neutrino scattering process ντn → τ−Λc, induced by a
ντd → τ−c transition at the quark level, as a potential
probe to further constrain the WCs associated with a d ↔ c
transition. This reaction could, in principle, be measured at
the DUNE far detector, where a fraction of the initial νμ
neutrinos produced at Fermilab will oscillate into ντ
neutrinos. However, the analysis in [29] is performed at
the nucleon level, which is not realistic, since free neutron
targets are not available in practice. Nuclear effects are
likely to play a significant role, and more importantly, the
uncertainties associated with their treatment may hinder
the extraction of any reliable constraints on possible NP

WCs—even under optimistic assumptions such as perfect
knowledge of the nucleon form factors and extremely high
event statistics.
In this work, under the latter conditions, we revisit the

problem and derive general expressions for the inclusive
QE reaction

ðν̄lÞνlAZ → ðlþÞl−YX; ð1Þ

where X is a residual nuclear system with (A − 1) nucleons,
Y is either a strange or a charmed hyperon and l ¼ e, μ, τ.
We consider an effective Hamiltonian which is a low
energy extension of the SM that includes all dimension-
six semileptonic q → q0lνl (d → u; c and u → d; s) oper-
ators with left- and right-handed neutrino terms. All
expressions are obtained in terms of NP WCs, and hadron
structure functions. The latter are determined by the form
factors that describe the matrix elements of the different
current operators between the initial ðn; pÞ and final Y
hadrons.
To illustrate the formalism, we apply it to the case of Λc

production in ντ-nucleus QE scattering, as originally
proposed in Ref. [29], but now incorporating a realistic
nuclear target and nuclear structure effects through hole
spectral functions. After presenting a general formalism in
Sec. IV, we assess the impact of nuclear effects in Sec. V by
comparing predictions obtained using a state-of-the-art
spectral function [30] with those based on the local
Fermi gas (LFG) approximation. Additionally, we account
for final state interactions involving the outgoing Λc
hyperon. Finally, we evaluate the magnitude of nuclear
uncertainties in our calculations relative to the size of the
expected NP effects, thereby highlighting the challenges
inherent in interpreting such processes as clean probes for
BSM physics.

II. EFFECTIVE HAMILTONIAN

For the qð−e=3Þ ↔ q0ð2e=3Þ charged-current weak
transitions at the quark level we shall consider

Hqq0l
eff ¼ 4GFVqq0ffiffiffi

2
p

X
l

( X
χ;χ0¼L;R

½ðq̄0γμ½δχ0LδχL þ CV
qq0lχ0χ �Pχ0qÞðlγμPχνlÞ þ CS

qq0lχ0χðq̄0Pχ0qÞðlPχνlÞ�

þ
X
χ¼L;R

CT
qq0lχχðq̄0σμνPχqÞðlσμνPχνlÞ

)
; ð2Þ

where qðxÞ, q0ðxÞ, lðxÞ and νlðxÞ are Dirac fields, Pχ¼L;R ¼ 1
2
ðI þ γ5hχ¼L;RÞ with hL ¼ −1; hR ¼ þ1, GF is the Fermi

decay constant, and Vqq0 the corresponding Cabibbo-Kobayashi-Maskawa matrix element. The above effective Hamiltonian
contains all dimension-six vector, axial-vector, scalar, pseudoscalar, tensor, and pseudotensor transition operators, with both

1The semileptonic decay to a final-state τ is kinematically forbidden due to phase-space limitations.
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left- and right-handed neutrino fields. We have explicitly shown only the terms relevant for neutrino-induced reactions
νlq → q0l− and the q → q0l−ν̄l decays. For fixed q; q0;l flavors, the ten (generally complex) WCs CV;S

qq0lχ0χ and CT
qq0lχχ

(with χ; χ0 ¼ L, R) parametrize the strength of possible contributions from BSM physics. Note that for tensor operators, the
chiralities of the leptons and quarks have to be the same. This is a consequence of the fact that (we use the convention
ϵ0123 ¼ þ1)

σαβγ5 ¼ −
i
2
ϵαβρλσρλ; ð3Þ

from where

σαβðI þ hχ0γ5Þ ⊗ σαβðI þ hχγ5Þ ¼ ð1þ hχ0hχÞσαβ ⊗ σαβ − ðhχ0 þ hχÞ
i
2
ϵμναβσ

αβ ⊗ σμν; ð4Þ

which is zero for χ ≠ χ0.
It is convenient to rewrite Hqq0l

eff as

Hqq0l
eff ¼ 2GFVqq0ffiffiffi

2
p

X
l

X
χ¼L;R

½ðq̄0½CV
qq0lχγ

μ þ hχCA
qq0lχγ

μγ5�qÞðlγμPχνlÞ þ ðq̄0½CS
qq0lχ þ hχCP

qq0lχγ5�qÞðlPχνlÞ

þ CT
qq0lχðq̄0σμνðI þ hχγ5ÞqÞðlσμνPχνlÞ�; ð5Þ

with [31]

CV
qq0lL ¼ 1þ CV

qq0lLL þ CV
qq0lRL; CA

qq0lL ¼ 1þ CV
qq0lLL − CV

qq0lRL;

CV
qq0lR ¼ CV

qq0lLR þ CV
qq0lRR; CA

qq0lR ¼ CV
qq0lRR − CV

qq0lLR;

CS
qq0lL ¼ CS

qq0lLL þ CS
qq0lRL; CP

qq0lL ¼ CS
qq0lLL − CS

qq0lRL;

CS
qq0lR ¼ CS

qq0lLR þ CS
qq0lRR; CP

qq0lR ¼ CS
qq0lRR − CS

qq0lLR;

CT
qq0lL ¼ CT

qq0lLL; CT
qq0lR ¼ CT

qq0lRR: ð6Þ

Let us now look at the Hqq0l
eff terms that are responsible for the antineutrino-induced reactions ν̄lq0 → qlþ or the

q0 → qlþνl decays. They are obtained from the Hermitian conjugate of the operator Hqq0l
eff , and are given by

Hqq0l
eff ¼ 4GFV�

qq0ffiffiffi
2

p
X
l

( X
χ;χ0¼L;R

½ðq̄γμ½δχ0LδχL þ CV�
qq0lχ0χ �Pχ0q0Þðν̄lγμPχlÞ þ CS�

qq0lχ0χðq̄γ0Pχ0γ
0q0Þðν̄lγ0Pχγ

0lÞ�

þ
X
χ¼L;R

CT�
qq0lχχðq̄γ0Pχγ

0σμνq0Þðν̄lγ0Pχγ
0σμνlÞ

)
: ð7Þ

Introducing now the charged-conjugated fields2 νCl;l
C, we can rewrite the above terms as

Hqq0l
eff ¼ 4GFV�

qq0ffiffiffi
2

p
X
l

( X
χ;χ0¼L;R

½ðq̄γμ½δχ0LδχL þ CV�
qq0lχ0χ �Pχ0q0ÞðlC½−Pχγμ�νClÞ þ CS�

qq0lχ0χðq̄γ0Pχ0γ
0q0Þ ðlCγ0Pχγ

0νClÞ�

þ
X
χ¼L;R

CT�
qq0lχχðq̄γ0Pχγ

0σμνq0ÞðlC½−σμνγ0Pχγ
0�νClÞ

�

¼ 2GFV�
qq0ffiffiffi

2
p

X
l

X
χ¼L;R

h
ðq̄½C̄V

qq0lχ
γμ þ hχC̄A

qq0lχ
γμγ5�q0ÞðlCγμPχν

C
lÞ þ ðq̄½C̄S

qq0lχ
þ hχC̄P

qq0lχ
γ5�q0ÞðlCPχν

C
lÞ

þ C̄T
qq0lχ

ðq̄σμν½I þ hχγ5�q0ÞðlCσμνPχν
C
lÞ
i
; ð8Þ

2We have that ΨC ¼ CΨ̄T with C the charge-conjugation matrix that satisfies the relation CγμTC† ¼ −γμ.
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with
C̄V
qq0lL

¼ −CV�
qq0lR; C̄A

qq0lL
¼ CA�

qq0lR; C̄V
qq0lR

¼ −CV�
qq0lL; C̄A

qq0lR
¼ CA�

qq0lL

C̄S
qq0lL

¼ CS�
qq0lR; C̄P

qq0lL
¼ CP�

qq0lR; C̄S
qq0lR

¼ CS�
qq0lL; C̄P

qq0lR
¼ CP�

qq0lL;

C̄T
qq0lL

¼ −CT�
qq0lR; C̄T

qq0lR
¼ −CT�

qq0lL; ð9Þ

and where we have used the relation

Ψ0ΓΨ ¼ ΨCCΓTC†Ψ0C; ð10Þ

assuming that different fermion fields anticommute, which
implies that Ψ0ΓΨ ¼ −ΨTΓTΨ0T .3

Note the resemblance between Eqs. (5) and (8) and recall
that charge-conjugated fields play for antiparticles the same
role as regular fields for particles. Specifically, the fields νCl
and lC correspond to the annihilation of ν̄l and the creation
of lþ, respectively, providing u-type spinors as wave
functions in the Dirac space. Thus, the expressions for
all nucleon-level reactions νlN → Hl− (for d → u; c) and
ν̄lN → H0lþ (for u → d; s; b) for a given spin parity of the
final H, H0 hadrons are formally identical, aside from
obvious differences in the CKM matrix elements, particle
masses, hadronic form factors, and WCs.
General expressions for the hadronic tensors relevant to

these reactions have been derived in Ref. [31], and they are
valid for arbitrary spin-parity quantum numbers of the
initial and final hadrons. These tensors are constructed from
the hadron masses and momenta, and are expressed in
terms of structure functions that depend on the form factors,
WCs, and masses involved. Explicit results for the structure
functions exist for various transitions, including 0− →
0−; 1− [33], 1=2þ → 1=2þ [34], and 1=2þ → 1=2−; 3=2−

[35]. While the specific form of these structure functions
depend on the transition form factors, the overarching
formalism remains completely general once the structure
functions are determined.

III. THE ντn → Λcτ − REACTION

In this section we analyze the reaction ντn → Λcτ
−. As

previously mentioned, the expressions derived here are
quite general and, beyond this specific case, they serve to
illustrate the broader procedure applicable to similar
reactions involving other (anti-)neutrino flavors or different
charge-exchange quark and antiquark transitions. The
unpolarized cross section evaluated in the initial neutron

rest-frame (LAB) and neglecting the neutrino mass reads

σ ¼ G2
FjVcdj2
4π2jk⃗j

Z
d3p0MΛc

E0

×
Z

d3k0

k00
δð4Þðkþ p − p0 − k0Þ

X
jMj2 ð11Þ

with k; p; p0, and k0 the four momenta of the ντ, neutron,Λc

hyperon, and τ lepton, respectively, and where
P

stands for
a sum (average) over the spin or helicities of the final
(initial) particles. For a fully polarized neutrino beam only a
factor 1=2 due to the initial nucleon spin has to be included
in the average. This will be the common case since, even in
the presence of NP, one expects the neutrino production to
be SM-dominated and, thus, the neutrinos will be mainly
produced in a left-handed state which, for high energies
compared to its mass,4 implies a well-defined negative
helicity. If the beam were not fully polarized wewould have
to know the neutrino density matrix. For a sufficiently
energetic beam we can identify negative/positive helicities
with L=R chiralities, and we would evaluate Σ̄jMj2 as

Σ̄jMj2 ¼ 1

2

X
χ¼L;R

X
χ0¼L;R

ρχ0χ
X
r;r0

X
s0

Mχðp; q; k; k0; r; r0; s0Þ

×M�
χ0 ðp; q; k; k0; r; r0; s0Þ; ð12Þ

with ρχ0χ the neutrino density matrix elements that satisfy
the constraint ρLL þ ρRR ¼ 1, and Mχðp; q; k; k0; r; r0; s0Þ
the transition matrix element that depends on the four-
momenta k; k0; p; q, with q ¼ p − p0 ¼ k0 − k, the neutrino
chirality (χ) and the spins r (r0) of the initial (final) hadron
and s0 of the final lepton. Mχ can be written as

Mχðp; q; k; k0; r; r0; s0Þ ¼ JμHχðp; q; r; r0ÞJLχμðk; k0; s0Þ
þ JHχðp; q; r; r0ÞJLχ ðk; k0; s0Þ
þ JμνHχðp; q; r; r0ÞJLχμνðk; k0; s0Þ;

ð13Þ

with the dimensionful leptonic currents given by

3Note thisminus signarising from the leptonoperatorwas neither
taken into account inEq. (A.3) ofRef. [32], nor in theAppendixE of
Ref. [31]. In this latter case, we directly paid attention to the lepton
current constructed out of Dirac spinors andmatrices, and not to the
lepton operator in terms of fields. In the present work, this global
minus sign has been absorbed into the definition of the WCs in
Eq. (9) above and is of no relevance to the calculation of the hadron
tensors which are quadratic in those coefficients.

4For this particular case the neutrino threshold energy is given
by Eth

ντ ≈ 8.3 GeV, or in the case of the νμn → Λcμ
− reaction

Eth
νμ ≈ 2.6 GeV, much larger than the limits on neutrino masses.
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JLχaðk; k0; s0Þ ¼
1ffiffiffi
2

p ūτðk⃗0; s0ÞΓaPχuντðk⃗; χÞ;

Γa ¼ γμ; I; σμν ð14Þ

and the dimensionless hadronic ones by5

JaHχðp;q;r;r0Þ¼ hΛc;p0;r0jc̄ð0ÞOa
Hχdð0Þjn;p;ri;

Oa
Hχ ¼CV

dcτχγ
μþhχCA

dcτχγ
μγ5;

CS
dcτχþhχCP

dcτχγ5; CT
dcτχσ

μνðIþhχγ5Þ:
ð15Þ

From those currents one can build up the leptonic and
hadronic tensors

Lχabðk; k0Þ ¼
X
s0
JLχaðk; k0; s0ÞJL�χb ðk; k0; s0Þ

¼ 1

4
Tr½ð=k0 þmτÞΓaðI þ hχγ5Þ=kγ0Γ†

bγ
0�; ð16Þ

Wab
χ ðp; qÞ ¼ 1

2

X
r;r0

hΛc;p0; r0jc̄ð0ÞOa
Hχdð0Þjn;p; ri

× hΛc;p0; r0jc̄ð0ÞOb
Hχdð0Þjn;p; ri�; ð17Þ

where left-right interference terms cancel out exactly if one
neglects contributions proportional to the neutrino mass.6

Besides, we have already included the 1=2 average
factor, due to the initial nucleon spin, in the definition
of the hadronic tensors.
It terms of the above-defined tensors we have that

ΣjMj2 ¼
X
χ¼L;R

ρχχ
X
a;b

Wab
χ Lχab: ð19Þ

The fully left-handed polarized case for neutrino corre-
sponds to ρLL ¼ 1; ρRR ¼ 0, while the opposite will be
true for a fully right-handed antineutrino beam, i.e.,
ρLL ¼ 0; ρRR ¼ 1 for this latter case.
The expressions for the different Lχab can be obtained

from Appendix B of Ref. [31] by taking twice the
unpolarized part of the lepton tensors there, that is to
say, by summing for both polarizations of the outgoing tau
lepton. As for the hadronic tensors, their expressions are
completely general and they can be read off from
Appendix C of Ref. [31], where they are given for a
similar Hb → Hc transition.7 In fact, we have taken
q ¼ p − p0ð¼ k0 − kÞ, which is minus the lepton four-
momentum transfer, so that one can directly use
Appendix C of Ref. [31] for the hadronic part of the
amplitude. The hadronic tensors depend on the eWχ struc-
ture functions that are built out of the two hadron masses,
the WCs and the form factors that parametrize the hadronic
matrix elements of the different quark-current operators.
For this particular case we are dealing with a 1=2þ → 1=2þ
transition for which we take the form factor parametrization

hΛc;p0; r0jc̄ð0Þdð0Þjn;p; ri ¼ FSūΛc
ðp⃗0; r0Þunðp⃗; rÞ;

hΛc;p0; r0jc̄ð0Þγ5dð0Þjn;p; ri ¼ FPūΛc
ðp⃗0; r0Þγ5unðp⃗; rÞ;

hΛc;p0; r0jc̄ð0Þγαdð0Þjn; p⃗; ri ¼ ūΛc
ðp⃗0; r0Þ

�
γαF1 þ

pα

Mn
F2 þ

p0α

MΛc

F3

�
unðp⃗; rÞ;

hΛc;p0; r0jc̄ð0Þγαγ5dð0Þjn; p⃗; ri ¼ ūΛc
ðp⃗0; r0Þ

�
γαγ5G1 þ

pα

Mn
γ5G2 þ

p0α

MΛc

γ5G3

�
unðp⃗; rÞ;

hΛc;p0; r0jc̄ð0Þσαβdð0Þjn; p⃗; ri ¼ ūΛc
ðp⃗0; r0Þ

�
i
T1

M2
n
ðpαp0β − pβp0αÞ þ i

T2

Mn
ðγαpβ − γβpαÞ

þ i
T3

Mn
ðγαp0β − γβp0αÞ þ T4σ

αβ

�
unðp⃗; rÞ: ð20Þ

The corresponding expressions for the W̃χ structure
functions in terms of the WCs and the above form factors

are collected in Appendix E of Ref. [34], where one has to
changeMΛb

andCA;V;S;P;T , used there, byMn and C
A;V;S;P;T
dcτχ

respectively. As mentioned above, the relations between
the W̃χ structure functions and the corresponding form
factors are also available for 0− → 0−; 1− [33], and 1=2þ →
1=2−; 3=2− [35] transitions.

5We take the hadron states normalization as hp⃗0; r0jp⃗; ri ¼
ð2πÞ3ðE=MÞδ3ðp⃗ − p⃗0Þδrr0 with r, r0 spin indexes.

6This is so since, for massless neutrinos, the trace that leads to
the lepton tensor contains the factor

Pχ=kγ0Pχ0 ¼ PχPχ0=kγ0 ¼ δχχ0Pχ=kγ0: ð18Þ 7In those expressions, M refers to the mass of the initial
hadron; Mn in the present case.
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The form factors in Eq. (20) can be related to the Λc → n
helicity form factors of Ref. [36], where a LQCD deter-
mination of the vector, axial, and tensor form factors has
been carried out for that decay. The relation between both
form factor sets can be found here in Appendix A. The form
factors in Ref. [36], have to be analytically continued from
the q2 > 0 region of the Λc → n decay to the q2 < 0 one of
the ντn → Λcτ

− reaction. This extrapolation outside the
fitted region is clearly a source of uncertainty since the two
q2 regions are far apart.8 This effect can be seen for instance
in Fig. 16 of Ref. [29].
Similarly to what we obtained for a H → H0τ−ντ decay

[see Eq. (14) of Ref. [34]], we now find that Σ̄jMj2 can be
written as9

Σ̄jMj2¼M2
n

2

�
−AðωÞþBðωÞp ·k

M2
n
−CðωÞðp ·kÞ

2

M4
n

�
; ð21Þ

with ω¼ðp ·p0Þ=ðMnMΛc
Þ¼ðM2

Λc
þM2

n−q2Þ=ð2MΛc
MnÞ

the product of the two hadron four velocities. The expres-
sions for the AðωÞ;BðωÞ, and CðωÞ functions in terms of
the W̃χ structure functions are given in Appendix D of
Ref. [31], where M;Mω, and ml there correspond to
Mn; ðMn − ωMΛc

Þ and mτ, respectively. Moreover, it is
necessary to include a factor ρχχ in the corresponding sums
over neutrino chiralities present in the definition of
AðωÞ;BðωÞ, and CðωÞ. This factor was not required
in Ref. [31], where the neutrino was an outgoing
particle. In the present case, however, the neutrino is an
incoming one, and that is why the ρχχ factor should
be included. For a purely left-handed neutrino beam,
one has ρLL ¼ 1; ρRR ¼ 0, so only the left-handed
chirality terms contribute to the AðωÞ;BðωÞ, and CðωÞ
functions.
After integration of the delta function, we get

σ ¼ G2
FjVcdj2M2

nM2
Λc

4πjk⃗j2
Z

ωþ

ω−

dω

×

�
−AðωÞ þ BðωÞ jk⃗j

Mn
− CðωÞ jk⃗j

2

M2
n

�
; ð22Þ

with ω� ¼ E0
�=MΛc

and

E0
� ¼ 1

2SMΛc

	ðjk⃗j þMnÞðSþM2
Λc

−m2
τÞ

� jk⃗jλ1=2ðS;M2
Λc
; m2

τÞ

 ð23Þ

the maximum and minimum energies allowed for
the final Λc hadron in the LAB reference frame,
corresponding, respectively, to the Λc being emitted in
the forward/backward direction in the neutrino-nucleon
center of mass frame. In addition, S ¼ M2

n þ 2Mnjk⃗j
is the total center of mass energy squared and
λðx; y; zÞ ¼ z2 þ y2 þ z2 − 2xy − 2xz − 2yz, the Källen
lambda function.
The dσ=dQ2 differential cross section is given by (with

Q2 ¼ −q2)

dσ
dQ2

¼ 1

2MΛc
Mn

dσ
dω

¼ G2
FjVcdj2MnMΛc

8πjk⃗j2
�
−AðωÞ þ BðωÞ jk⃗j

Mn
− CðωÞ jk⃗j

2

M2
n

�
:

ð24Þ

In Fig. 1, we show the results for the scaled cross section
σ0 ¼ ð8πM2

nσÞ=ðGFjVcdjÞ2 and dσ0=dQ2, evaluated within
the SM considering the neutrino beam is fully (left-handed)
polarized. Focusing on the central values, our results are a
factor of two smaller than those reported in Ref. [37]. This
discrepancy is due to the fact that in Ref. [37] the authors
omitted the nucleon-spin averaging factor when plotting
their cross-section figures [38]. The green band represents
the total uncertainty associated with the determination of
the form factors. This includes, added in quadratures, the
68% confidence level (CL) band (statistical uncertainty)
derived via Monte Carlo from the covariance matrices
given in the Supplemental Material of Ref. [36], together
with the systematic uncertainty evaluated as specified in
Eq. (16) of that reference. As evident from the figure, the
uncertainty in the form factors significantly hinders the
possibility of making precise theoretical predictions for the
reaction. Even under the idealized assumption of perfectly
known form factors, one must still contend with the fact
that the process occurs within nuclear targets, where
nuclear effects introduce additional theoretical uncertain-
ties. These are examined in detail in the following section.

IV. THE ντn → Λcτ − QE REACTION IN NUCLEI

A. General considerations

To address the nuclear effects for the case of the ΛC QE
production in nuclei, we assume the impulse approxima-
tion, i.e., the electroweak probe scatters on individual
nucleons which form the nucleus, and the total cross
section is an incoherent sum of these single-nucleon
contributions. The sum can be performed either at the

8Even at the threshold for the ντn → Λcτ reaction one already
has q2 ≈ −3.68 GeV2, while in Ref. [36] the form factors are
evaluated on the lattice for q2 ≳ −0.36 GeV2.

9The sign changes follow from crossing symmetry, taking into
account that between the decay and the scattering reaction, one
fermion external leg (neutrino of four momentum k) is inter-
changed between final and initial configurations.
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level of cross sections or at the level of the hadronic tensors.
These two descriptions would be equivalent if all the
particles in the reaction were on-shell and the transferred
energy-momentum to the nuclear system was fully
transferred to an interacting nucleon. A well-established
approach to address the nuclear effects of the ground-state
nucleus is the use of a hole spectral function (SF)

Sðn=pÞh ðE; p⃗Þ, which yields the probability density of
finding a neutron/proton in the target nucleus with
a given momentum p⃗ and energy E. One expects the
SF to be rotational invariant for a nucleus at rest,

i.e.,SðnÞh ðE; p⃗Þ ¼ SðnÞh ðE; jp⃗jÞ. The final state interactions
(FSI) that affect the outgoing hadrons, can be currently
described only in a very simplified way for the Λc particle.
We start from the cross section of Eq. (11) for the

scattering of a neutrino of energy jk⃗j off a free nucleon at

rest,

σ ¼ G2
FjVcdj2
4π2jk⃗j

Z
d3p0 MΛc

E0

Z
d3k0

k00
δð4Þðkþ p − p0 − k0Þ

×
X

jMj2: ð25Þ

Now the sum over all neutrons in the nucleus AZ corre-
sponds to the dimensionless integral over the spectral
function which is normalized asZ

d3p
ð2πÞ3

Z
dESðnÞh ðE; p⃗Þ ¼ A − Z: ð26Þ

Neglecting the effects of the Λc interactions with the
nuclear environment where it is produced, we have

σAZ
¼ G2

FjVcdj2
4π2jk⃗j

Z
d3p
ð2πÞ3

Z
dE

Mnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p SðnÞh ðE; jp⃗jÞ

Z
d3p0MΛc

E0

Z
d3k0

k00
δð4Þðkþ p − p0 − k0ÞΣ̄jMj2

¼ G2
FjVcdj2
4π2jk⃗j

Z
d3k0

k00
FAZ
ντΛc

ðqÞ; ð27Þ

where we have introduced the squared modulus of the spin-averaged nuclear amplitude FAZ
ντΛc

ðqÞ (with dimension of energy
in natural units),

FAZ
ντΛc

ðqÞ ¼
Z

d3p
ð2πÞ3

Z
dESðnÞh ðE; jp⃗jÞ Mnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p MΛc

E0 δðE − E0 − q0ÞΣ̄jMj2: ð28Þ

TheMn=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p

factor in the above equations accounts for the covariant normalization of the Dirac spinor of the initial
nucleon when is not at rest, while the on-shell energies of the initial nucleon and the final hadron are

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p

and

E0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Λc
þ ðp⃗ − q⃗Þ2

q
, respectively.

Next, we consider two different procedures to compute the nuclear response function FAZ
ντΛc

ðqÞ, whose differences could
provide an estimate of the theoretical uncertainties associated with our predictions for the Λc production in nuclei.

FIG. 1. The ντn → Λcτ
− reaction evaluated within the SM for a fully left-handed polarized ντ beam. Left panel: σ0 ¼

ð8πM2
nσÞ=ðGFjVcdjÞ2 cross section as a function of the neutrino energy. Right panel: dσ0=dQ2 differential distribution for

Eντ ¼ 10 GeV. Green band: total uncertainty associated with the determination of the form factors (see text for details).
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(i) Nuclear corrections by convoluting the single-nucleon cross section: In this case, we approximate

FAZ
ντΛc

ðqÞ ¼
Z

d3p
ð2πÞ3

Z
dESðnÞh ðE; jp⃗jÞ Mnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p MΛc

E0 δðE − E0 − q0ÞM
2
n

2

�
−AðωÞ þ BðωÞp · k

M2
n
− CðωÞ ðp · kÞ2

M2
n

�
: ð29Þ

Note that in the computation of FAZ
ντΛc

ðqÞ, in this scenario
we first precalculate

PjMj2 at the hadron level, see
Eq. (21), assuming that p2 ¼ M2

n and p02 ¼ M2
Λc
. Effec-

tively, the only explicit dependence on p appears in the
four-scalar product ðp · kÞ. The integral over the hole SF
affects the energy conservation, giving rise to the allowed
ðq0; jq⃗jÞ domain of this QE reaction. The inclusion of the
SF also leads to a more realistic evaluation in a nuclear
medium of the ðp · kÞ and ðp · kÞ2 terms that appear in
Eq. (21), where we take p0 ¼ E off the mass shell, and thus
independent of p⃗. A detailed way of evaluating Eq. (29) is
explained in Appendix B.
(ii) Nuclear corrections by convoluting the single-nu-

cleon hadron tensor: In this case the squared
modulus of the spin-averaged nuclear amplitude is
calculated as

FAZ
ντΛc

ðqÞ ¼
X
χ¼L;R

ρχχ
X
a;b

Wab
AZ ;χ

ðqÞLχabðk; qÞ; ð30Þ

with the nuclear tensor,10 constructed out of the
hadron-level tensor Wab

χ ðp; qÞ of Eq. (17),

Wab
AZ ;χ

ðqÞ ¼
Z

d3p
ð2πÞ3

Z
dEShðE; jp⃗jÞ

×
Mnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p MΛc

E0 δðE − E0 − q0Þ

×Wab
χ ðp; q̃Þj

q̃¼ðq0þE−
ffiffiffiffiffiffiffiffiffiffiffi
M2

nþp⃗2
p

;q⃗Þ; ð31Þ

which assumes that both the initial nucleon and the
final Λc are on shell in the matrix element at the
single-nucleon level. This is achieved by modifying
the energy transferred to the nucleon, so that the

energy conservation reads

δðE − E0 − q0Þ≡ δ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

q
− E0 − q̃0

�
: ð32Þ

We note that in both descriptions above, the nuclear
response FAZ

ντΛc
ðqÞ is rotational invariant. Therefore, it can

only depend on jk⃗j; jk⃗0j, and k⃗ · k⃗0 ¼ jk⃗jjk⃗0j cos θτ, and one
can trivially integrate in φτ in Eq. (27) to get

σAZ
¼ G2

FjVcdj2
2πjk⃗j

Z jk⃗jþΔM−MΛc

mτ

jk⃗0jdk00
Z þ1

−1
d cos θτF

AZ
ντΛc

ðqÞ;

ð33Þ

with ΔM the difference between the mass MAZ
of the

initial nucleus and the energy of the lowest state of the final
ðA − 1ÞZ nuclear system. In Eq. (33), for the tau kinemat-
ics, we have considered the largest possible phase
space admitting that the final nuclear system can accom-
modate any momentum transfer. In a real calculation, the
nuclear amplitude FAZ

ντΛc
ðqÞ will limit the actual phase

space that can be accessed. In the case of SM currents
producing a proton instead of a Λþ

c , Eq. (33) reduces to
Eq. (2) of Ref. [42] taking into account that the Fντ
nuclear QE amplitude introduced there corresponds to
jVudj2FAZ

ντ ðqÞ=ð2jk⃗jMAZ
Þ, within the normalizations

adopted in this work. Note also that the Fντ nuclear QE
amplitude in Ref. [42] includes Pauli blocking of the final
nucleon.
One can now evaluate the dσAZ

=dQ2 differential cross
section as

dσAZ

dQ2
¼ G2

FjVcdj2
2πjk⃗j

Z jk⃗jþΔM−MΛc

mτ

jk⃗0jdk00
Z þ1

−1
d cos θτδðQ2 þm2

τ − 2jk⃗jðk00 − jk⃗0j cos θτÞÞFAZ
ντΛc

ðqÞ

¼ G2
FjVcdj2
4πjk⃗j2

Z jk⃗jþΔM−MΛc

mτ

dk00Hð1 − j cos θ0τ jÞFAZ
ντΛc

ðq; kÞjcos θτ¼cos θ0τ ; ð34Þ

with

10This definition is in accordance with the one in Refs. [39–42], except that in these latter cases the corresponding Wab
AZχ

tensors
include the CKM matrix element squared. Note also that in Refs. [39–42] only SM tensors are considered, i.e., the ones generated from
the vector-minus-axial current alone.
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cos θ0τ ¼
Q2 þm2

τ − 2jk⃗jk00
2jk⃗jjk⃗0j

: ð35Þ

The Hð1 − j cos θ0τ jÞ Heaviside function imposes the con-
straint

k00 ≥
ðQ2 þm2

τÞ2 þ 4m2
τ jk⃗j2

4jk⃗jðm2
τ þQ2Þ

: ð36Þ

B. Spectral functions

In our calculations, we employ two nuclear hole SFs. We
will start with the simple description of the nucleus through
the local Fermi gas approximation (LFG) and later move to
a more realistic SF.

1. LFG approximation

Within the LFG model the neutron-hole structure func-
tion is given by [41]

SLFGh ðE; jp⃗jÞ ¼ 2

Z
d3rH½kFðrÞ − jp⃗j�δ

�
E −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2

q �
ð37Þ

with kFðrÞ ¼ ð3π2ρnðrÞÞ1=3 and ρnðrÞ the local neutron
Fermi momentum and density distribution, respectively.

For an isospin symmetric nucleus, the latter is directly
related to the nucleon density, ρnðrÞ ¼ ρðrÞ=2. Strictly
speaking, in a LFG, the nucleons are moving in an
attractive central potential−k2FðrÞ=2M, withM an averaged
nucleon mass, which is not being reflected in the energy
conservation delta function of Eq. (37). However, this is a
sufficiently accurate approximation as long as it is reason-
able to assume that the final particle feels the same
attractive potential, which will cancel in the delta of energy
conservation δðE − E0 − q0Þ. In this approximation, the
hadrons are treated on shell [see Eq. (37)], and the two
approaches discussed previously in Eqs. (29) and (30) to
compute the nuclear response FAZ

ντΛc
ðq; kÞ are equivalent.

2. Realistic spectral function

Among several theoretical approaches proposed to
obtain the hole SF [43–45], here we will follow the
state-of-the-art ab initio calculation from Ref. [30] which
employs realistic nuclear many-body wave functions,
obtained within the coupled cluster theory [46], and a
nuclear Hamiltonian derived in chiral effective field theory.
This approach has been first benchmarked for 4He [47] and
later extended to 16O. In both cases, a successful compari-
son with experimental ðe; e0Þ data has been obtained. The
hole SF is defined in the second quantization as

SðE; pÞ ¼
X
α;β

hpjαi†hpjβi
X
ΨA−1

hΨ0ja†αjΨA−1ihΨA−1jaβjΨ0iδðE0 − E − EA−1Þ; ð38Þ

whereΨ0 is a correlated many-body A-particle ground-state
wave function. The sum is made over α, β, the quantum
numbers of single-particle states which form a basis of the
calculation; a†α, aα being the corresponding creation/anni-
hilation operators. The sum is dominated by the diagonal
term which, together with the integral over all ΨA−1
intermediate states, gives rise to the nuclear shell structure.
Additional fragmented strength at higher energies comes
from the correlations in the wave function. In addition,
hpjαi denotes single-particle wave functions in momentum
space. The calculation is performed within the coupled
cluster theory. In this approach, the many-body Schrö-
dinger equation is solved following an ansatz for the
ground state wave function jΨ0i ¼ eT j0i. Here, we start
from a reference state j0i (typically corresponding to a
Hartree-Fock solution), and include further correlations
by means of the eT operator, where T is a sum of
excitations

T ¼
X
a;i

tai a
†
aai þ

1

4

X
a;b;i;j

tabij a
†
aa

†
baiaj þ � � � : ð39Þ

Indices a, b correspond to particles states, while i, j to hole
states. The sum is expanded in particle-hole, two-particle
two-hole, etc., excitations and is truncated at a certain level.
The SFs which we use here are obtained within a scheme
that considers coupled-cluster single and double excita-
tions. The t amplitudes are determined by solving a set of
coupled nonlinear equations. Since the eT operator is non-
Hermitian, the coupled cluster framework requires an
additional deexcitation Λ operator when defining the left
Hamiltonian eigenstates hΨ0j ¼ h0jð1þ ΛÞe−T . The ex-
cited spectrum ΨA−1 in Eq. (38) is reconstructed via the
Gaussian integral transform expanded on a basis of Cheby-
shev polynomials [48] using the equation-of-motion tech-
nique [49]. The nuclear dynamics is described by a chiral
NNLOsat Hamiltonian [50], which contains nucleon-nu-
cleon and three-nucleon forces at the next-to-next-to
leading order of chiral effective field theory. The low
energy constants are fitted to nucleon-nucleon scattering
data as well as to some properties of light and medium-
mass nuclei. This theoretical setup allows us to perform
robust uncertainty studies both in terms of nuclear inter-
action, as well as the many-body truncations.
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C. FSI

Due to the lack of information on theΛc properties inside
of a nuclear medium, we account for FSI effects by
including a binding energy in its production. This leads
to a modification of the energy conservation delta function
in Eqs. (29) and (31) where we add a constant binding BΛc

δðE − E0 − q0Þ → δðE − ðE0 − BΛc
Þ − q0Þ; ð40Þ

and wewill estimate the sensitivity of our results by varying
the magnitude of the binding energy.
Within the LFG approximation, since we ignore the

−k2FðrÞ=2M potential felt by the nucleon and we use the
δ½E0 − ðE − q0Þ� energy-conserving delta function for
the hadron vertex [41,45], we are implicitly assuming that
the produced Λþ

c hyperon feels the same local binding
potential felt by the nucleon.

V. RESULTS

A. SM results

In the following, we will focus on the νl þ 16O → l− þ
Λc þ X reaction, setting WCs in Eq. (2) to zero and
considering fully left-handed polarized neutrinos. In
Fig. 2, we show the scaled differential cross section
dσ0=dQ2 normalized per number of neutrons and such
that σ0 ¼ ð8πM2

nσÞ=ðGFjVcdjÞ2. We study the reaction
induced by both tau (left) and muon (right) neutrinos of
10 GeV energy. Looking at the ντ induced reaction we see
the appearance of tails for low and high Q2 (below 1 and
above 9 GeV2, respectively) in the nuclear reaction when
compared to the free neutron case (shown as a red dashed
curve in the figure). The computation using a realistic hole
SF leads to a quenching of the differential cross section
with respect to the LFG distribution. The agreement
between the two calculations clearly improves if we include

binding to the Λc, and it is remarkably good for BΛc
¼

40 MeV (solid green line). This is somehow expected
since, as mentioned, the LFG calculation implicitly
assumes a local binding for the Λc which equals the one
felt by the nucleon. In the figure we show a theoretical
uncertainty band associated with the unknown binding of
theΛc in 16O. Similar results are obtained for the νμ induced
reaction. Here, however, the uncertainty and the difference
between various predictions is less significant.
In Fig. 3 we show the ντ þ 16O → τ− þ Λc þ X two-

dimensional d2σ=ðdΩτdjq0jÞ differential cross section for
Eν ¼ 10 GeV, and evaluated using both the LFG (left) and
the ab initio realistic (right) hole SFs, the latter using
BΛc

¼ 40 MeV. We see that the reaction is very much
forward peaked (θτ ⪅ 15°) and that for this neutrino
energy, the signals are obtained for energy transfers below
4–5 GeV. Moreover, we also observe that the LFG
approach provides a quite good description of the
results obtained with the realistic SF if we assume
BΛc

¼ 40 MeV.
To get more insight into the role played by nuclear

effects, in Fig. 4 we present results for both tau- and muon-
neutrino double differential cross section d2σ=ðdΩldjq0jÞ
on 16O for Eν ¼ 10 GeV and θl ¼ 3° (top), θl ¼ 10°
(bottom). The use of a realistic hole SF affects the total
strength, diminishing it by ∼20% with respect to the LFG
calculation. But now the peak position is also changed. The
inclusion of the Λc binding into the realistic SF calculation
enhances the overall strength, bringing it closer to the LFG
one, but also moves the peak towards lower values of jq0j.
The behavior is similar for both the ντ and νμ induced
reactions. As can be seen in Figs. 2 and 4, the calculation
with a realistic SF and a binding energy Λc in the interval
20–60 MeV provides an uncertainty band of �10%. This
band encompasses, to a reasonable extent, the results
obtained with the LFG approach. It provides an estimation

FIG. 2. ðdσ0=dQ2Þ cross section per number of neutrons for the QE reaction νl þ 16O → l− þ Λc þ X induced by both tau (left) and
muon (right) neutrinos evaluated within the SM and for Eν ¼ 10 GeV.
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FIG. 3. Two-dimensional d2σ=ðdΩτdjq0jÞ differential cross section for the QE reaction ντ þ 16O → τ− þ Λc þ X evaluated within the
SM and for Eν ¼ 10 GeV. The left panel has been obtained using the LFG hole SF, while for the right one, we have used the realistic
hole SF described in Sec. IV B 2, with BΛc

¼ 40 MeV and the nuclear response FAZ
ντΛc

ðqÞ evaluated as indicated in Eq. (30).

FIG. 4. Double-differential cross section d2σ=ðdΩldjq0jÞ for the QE reaction νl þ 16O → l− þ Λc þ X induced by both tau (left) and
muon (right) neutrinos evaluated for Eν ¼ 10 GeV and θl ¼ 3° (top) and θl ¼ 10° (bottom).
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of the uncertainties due to our lack of knowledge on the
properties of theΛc baryon embedded in a nuclear medium.

B. Results including BSM physics

We begin this section by summarizing the present
constraints on the relevant WCs, as established in
Ref. [28] through analysis of D-meson decays and high-
pT lepton tails in Drell-Yan data. These constraints were
derived under the assumption that only operators involving
left-handed neutrinos are present, and that eachWC is fitted
individually while setting all others to zero.
The pure leptonic decay Dþ → lþνl with l ¼ e, μ, τ

is able to constrain 1 − CA
dclL ¼ CV

dclRL − CV
dclLL and

CP
dclL ¼ CS

dclLL − CS
dclRL. The semileptonic one

D → π−lþνl, where now l ¼ e, μ (with the τ decay
forbidden by phase space), gives information on
CV
dclL − 1 ¼ CV

dclRL þ CV
dclLL; C

S
dclL ¼ CS

dclLL þ CS
dclRL

and CT
dclL ¼ CT

dclLL. The limits on each combination of
WCs are determined by comparing theoretical results to the
average of experimental branching fractions collected by
the Particle Data Group at that time [51].11 In Table 2 of
Ref. [28], 95% CL ranges of the above combinations of
WCs are collected. We note that in the analysis, they have
been further assumed to be real.
The analysis of high-pT lepton tails in Drell-Yan data

gives stringent constraints on CV
dclLL; C

S
dclLL; C

S
dclRL, and

CT
dclLL. Although the contribution from CV

dclLL interferes
with the SM one, the results from Ref. [28] suggest the term
in jCV

dclLLj2 is dominant, with a non-negligible correction
coming from interference with the SM if CV

dclLL is assumed
to be real. Note, however, that the interference vanishes
exactly if CV

dclLL is purely imaginary. For the others, there
is no interference with the SM amplitude and their con-
tributions are already proportional to the modulus squared
of the corresponding WCs. The 95% CL bounds are
compiled in Table 4 of Ref. [28], with typical magnitudes
at the level of 10−2, in contrast to the SM operator, whose
coefficient is of order unity.
The study of Ref. [28] was taken in Ref. [29] as the basis

to obtain the 1σ uncertainties of the WCs. Then the impact
of the different NP terms in the ντn → Λcτ

− cross section
and the Λc and τ vector polarization components were
analyzed. The CS

dcτLL; C
S
dcτRL, and CT

dcτLL WCs are con-
strained by Drell-Yan data to be of the order of 10−2. As a
result, the influence of the corresponding NP terms in the
above observables are simply too small. However, the
constraint for CV

dcτRL, which results from the Dþ → τþντ
decay, is given in Ref. [29] at the 1σ level to be
0.92 ⪅ j1 − CV

dcτRLj ⪅ 1.16. This allows for large values
for the real and/or imaginary part of CV

dcτRL, leading to

ντn → Λcτ cross sections a factor of 5 larger that SMmodel
ones at high neutrino energies (see Fig. 3 in Ref. [29]).
This is a very unrealistic scenario and, as suggested in
Ref. [29], one can use this neutrino reaction to put better
limits on CV

dcτRL. Something similar happens for CV
dcτLL due

to the large imaginary values allowed for this WC in
Ref. [29]. As seen in the leftmost panel of their Fig. 2, there
is a large uncertainty interval in the imaginary part of
CV
dcτLL coming from the leptonic decay. However, as

mentioned above, in the case of the Drell-Yan processes
the contribution from CV

dcτLL is dominated by the quadratic
jCV

dcτLLj2 term and thus one can consider the stringent
constraint obtained there to affect the modulus. This will
put a more severe limit on the imaginary part. One would
rather expect jCV

dcτLLj ⪅ 10−2 than having j ImðCV
dcτLLÞj ⪅

0.5 as assumed in Fig. 2 of Ref. [29].12 With such small
values, deviations from the SM, caused by CV

dcτLL, for the
ντn → Λcτ cross section, will also be minor, contradicting
the claims made in Ref. [29]. This leaves CV

dcτRL as the only
WC for which this reaction could be competitive in
imposing restrictions on its value.
The annular region 0.92 ⪅ j1 − CV

dcτRLj ⪅ 1.16 (see the
second panel of Fig. 2 in Ref. [29]), could, in principle, lead
to a large deviation from zero in the WC value. Here,
however, we adopt a more conservative approach and
assume that the SM deviation of this WC should be
moderate with jCV

dcτRL − 1j not exceeding Oð10−1Þ. If
the Wilson coefficient is allowed to be complex, this
constraint can still accommodate values such that
jCV

dcτRL − 0.04j ≈ 0.12. This variation of CV
dcτRL leads only

to a moderate modification of the strength of the cross
section. The effect, including nuclear corrections, is illus-
trated in Fig. 5. The nuclear response FAZ

ντΛc
ðqÞ has been

evaluated following Eq. (30), using the nuclear hadron
tensor from Eq. (31) and the realistic hole spectral function
introduced in Sec. IV B 2. The top panels of Fig. 5 display
the double differential cross section d2σ=ðdΩτdjq0jÞ evalu-
ated for Eν ¼ 10 GeV and the two scattering angles, 3° and
10°. The lower panel shows dσ=dQ2. As indicated by the
green band, the effect due to the variation of CV

dcτRL is of the
order of 10% for both observables. This variation is
comparable to the nuclear uncertainty that arises from
the unknown binding energyΛc, when it is assumed that the
latter lies within the range of 30 to 50 MeV. This nuclear
uncertainty is depicted by the gray-band comprised
between the black dashed lines in Fig. 5. As a consequence,
to constrain CV

dcτRL via neutrino scattering cross sections,
this level of theoretical precision on nuclear effects would

11See Ref. [28] for a full account of the different experimental
results included in the averages.

12Taking j ImðCV
dcτLLÞj ⪅ 0.5 implies a large deviation from the

SM, and it would correspond to the approximate (unrealistic)
limit for j ImðCV

dcτLLÞj, when one assumes that Drell-Yan
data constrain the real part ReðCV

dcτLLÞ instead of the modulus
of this WC.
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be required. We recall that this analysis was performed
under the assumption that nuclear form factors are known
with sufficient accuracy.

VI. CONCLUDING REMARKS AND OUTLOOK

We have obtained completely general expressions for the
inclusive (anti-)neutrino-induced QE production of strange
and charmed hyperons in nuclei, considering all BSM
dimension-six operators for the semileptonic q → q0lνl
transition and both left- and right-handed neutrino fields.
We illustrate the formalism by applying it to the Λc
production in ντ-nucleus scattering. Our results improve
upon those presented in Ref. [29] by explicitly including
nuclear corrections and accounting for associated theoreti-
cal uncertainties, which were neglected in that earlier work.
At the nucleon level, the overall sizes of the SM cross
sections reported in Ref. [29] are a factor of 2 larger than
those found here, a discrepancy that arises because the
authors of Ref. [37] omitted the nucleon spin averaging
factor when plotting their cross-section figures [38].

Moreover, we argue that the interval allowed in that work
for the imaginary part of theCV

dcτLL WC is inconsistent with
the analysis of high-pT lepton tails in Drell-Yan data
carried out in [28]. To address the nuclear effects, we
employed the state-of-the-art hole SF of Ref. [30] to model
the nuclear ground state, and analyzed the impact of the
final state interactions between the produced hyperon and
the residual nuclear system. Our results demonstrate that
theoretical nuclear uncertainties may, in fact, prevent any
NP-discovery claim in this (anti-)neutrino reaction because
their size is similar, if not much larger, than the signals
expected from NP.
Since the ντðν̄τÞAZ → τ∓YX reaction is notoriously

difficult to measure directly, information on the dynamics
of this nuclear process, including NP signatures, should be
extracted from the analysis of the energy and angular
distributions of the visible products of tau decay. These
distributions depend, in addition to d2σ=ðdEτd cos θτÞ, on
the components of the tau-polarization vector. We plan to
continue the present research by obtaining general

FIG. 5. Nuclear uncertainties versus sensitivity to BSM effects. Top left (right) panel: Double-differential cross section
d2σ=ðdΩτdjq0jÞ for the QE reaction ντ þ 16O → τ− þ Λc þ X evaluated in 16O for Eν ¼ 10 GeV and θτ ¼ 3° (θτ ¼ 10°). The green
band stands for the variation induced in the distribution by the allowed values for the CV

dcτRL WC and fixing BΛc
¼ 40 MeV. The black

dashed-lines show the uncertainty in the SM results when BΛ varies in the 30–50 MeV range. Bottom panel: The dσ0=dQ2

[σ0 ¼ ð8πM2
nσÞ=ðGFjVcdjÞ2] cross section, per number of neutrons, for the same reaction.
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expressions for the outgoing hadron (charged pion or rho
meson) energy and angular differential cross section for the
sequential ντAZ → τ−ðπ−ντ; ρ−ντÞYX and ν̄τAZ →
τþðπþν̄τ; ρþν̄τÞYX reactions, including NP terms and
accounting for nuclear effects. We will consider the
medium corrections by convoluting the single-nucleon
cross section and the hole SF [see Eq. (29)], since as
shown here in Figs. 2–4, such procedure reasonably
incorporates nuclear effects, and importantly, will allow
us to make use of the exhaustive formalism derived in
Refs. [31,52] for the H → H0τ−ðπ−ντ; ρ−ντÞντ sequential
decays of heavy hadrons including general dimension-six
BSM operators.
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APPENDIX A: RELATION BETWEEN THE
FORM FACTORS OF EQ. (20) AND THE LQCD

ONES CALCULATED IN REF. [36]

One finds

F1 ¼ f⊥; G1 ¼ g⊥; FS ¼
δM

md −mc
f0; FP ¼ ΔM

mc þmd
g0; T4 ¼ h̃þ;

F2 ¼
MnδM
q2

f0 þ
MnΔM

sþ
½1 − δ�fþ − δsþf⊥;

F3 ¼ −
MΛc

δM
q2

f0 þ
MΛc

ΔM

sþ
½1þ δ�fþ − δsþf⊥;

G2 ¼ −
MnΔM

q2
g0 −

MnδM
s−

½1 − δ�gþ − δs−g⊥;

G3 ¼
MΛc

ΔM

q2
g0 −

MΛc
δM

s−
½1þ δ�gþ þ δs−g⊥;

T1 ¼ −2M2
n

�
hþ
sþ

−
Δ2

M

q2sþ
h⊥ −

h̃þ
s−

þ δ2M
q2s−

h̃⊥
�
;

T2 ¼ Mn

�
ΔM

q2
h⊥ þ 2MΛc

s−
h̃þ þ δM

s−
½1 − δ�h̃⊥

�
;

T3 ¼ Mn

�
−
ΔM

q2
h⊥ −

2Mn

s−
h̃þ þ δM

s−
½1þ δ�h̃⊥

�
; ðA1Þ

with δ ¼ ðM2
n −M2

Λc
Þ=q2, s� ¼ ðMΛc

�MnÞ2 − q2, δM ¼ Mn −MΛc
, ΔM ¼ MΛc

þMn and δs� ¼ 2MΛc
Mn=s�. Note

that FS and FP have not been computed in LQCD, and both form factors are obtained from the vector f0 and axial g0
form factors using the equations of motion. In the numerical calculations, we use mc ¼ 1.2730� 0.03046 GeV and
md ¼ 4.77� 0.07 MeV taken from Ref. [53].
The expressions above agree with the ones in Appendix E of Ref. [34] with the replacementsMΛb

→ Mn and mb → md.

APPENDIX B: EVALUATION OF FAZ
ντΛc

ðqÞ IN EQ. (29)

We first use rotational covariance and introduce the functions

Z
d3p
ð2πÞ3

Z
dESðnÞh ðE; jp⃗jÞ MnMΛcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p
E0 δðE − E0 − q0ÞEm ¼ am; m ¼ 0; 1; 2 ðB1Þ

E. HERNÁNDEZ, J. NIEVES, and J. E. SOBCZYK PHYS. REV. D 112, 053006 (2025)

053006-14



Z
d3p
ð2πÞ3

Z
dESðnÞh ðE; jp⃗jÞ MnMΛcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p
E0 δðE − E0 − q0ÞEmpj ¼ bmqj; m ¼ 0; 1 ðB2Þ

Z
d3p
ð2πÞ3

Z
dESðnÞh ðE; jp⃗jÞ MnMΛcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
n þ p⃗2

p
E0 δðE − E0 − q0Þpjpk ¼ c0jq⃗j2δjk þ d0qjqk: ðB3Þ

They depend on q0 and jq⃗j and can be evaluated once the neutron-hole SF is known.13

Recalling that E0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Λc
þ ðp⃗ − q⃗Þ2

q
, q ¼ k0 − k, it trivially follows

am ¼ MnMΛc

4π2jq⃗j
Z

djp⃗jjp⃗j
Z

dESðnÞh ðE; jp⃗jÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p EmH½1 − jx0j�; m ¼ 0; 1; 2

bm ¼ MnMΛc

4π2jq⃗j2
Z

djp⃗jjp⃗j2
Z

dESðnÞh ðE; jp⃗jÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p Emx0H½1 − jx0j�; m ¼ 0; 1

c0 ¼
MnMΛc

8π2jq⃗j3
Z

djp⃗jjp⃗j3
Z

dESðnÞh ðE; jp⃗jÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p ð1 − x20ÞH½1 − jx0j�;

d0 ¼
MnMΛc

8π2jq⃗j3
Z

djp⃗jjp⃗j3
Z

dESðnÞh ðE; jp⃗jÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ p⃗2
p ð−1þ 3x20ÞH½1 − jx0j�; ðB4Þ

with x0 ¼ ðM2
Λc

þ jp⃗j2 − E2 − q2 þ 2q0EÞ=ð2jp⃗jjq⃗jÞ.14 As we see all angular integrations have been done analytically
which reduces the uncertainties.
In terms of these functions one has that FAZ

ντΛc
ðqÞ defined in Eq. (29) is given by

FAZ
ντΛc

ðqÞ ¼ M2
n

2

�
BðωÞ
M2

n
ða1jk⃗j − b0q⃗ · k⃗Þ −AðωÞa0 −

CðωÞ
M4

n
ðjk⃗j2a2 þ c0jq⃗j2jk⃗j2 þ d0ðq⃗ · k⃗Þ2 − 2b1jk⃗jq⃗ · k⃗Þ

�
: ðB5Þ

For the case of a LFG, using the corresponding hole SF of Eq. (37) and no extra BΛc
binding,15 one further has that the am

defined above are given by

aLFGm ¼ 2MnMΛc

ðmþ 1Þπjq⃗j
Z

r2drH½EFðrÞ − Ẽ�ðEmþ1
F ðrÞ − Ẽmþ1Þ; m ¼ 0; 1; 2; ðB6Þ

where we have used that in the LFG case, neglecting off-shell effects,

1 − x20 ¼ −
q2

jq⃗j2jp⃗j2 ðE − EþÞðE − E−Þ ðB7Þ

E� ¼ q0

2

�
1 −

M2
Λc

−M2
n

q2

�
� jq⃗j

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

M2
Λc

−M2
n

q2

�2

−
4M2

n

q2

s
; ðB8Þ

where E− < 0 (since q2 < 0), and Eþ > 0 is the minimum neutron energy that guarantees that x0 ≤ 1. In addition in
Eq. (B6), EFðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

n þ k2FðrÞ
p

and Ẽ ¼ maxfMn; Eþg. Besides, since the neutron is on shell, we have that
q0E − p⃗ · q⃗ ¼ ðM2

n þ q2 −M2
Λc
Þ=2, and from Eqs. (B1)–(B3) it readily follows

bLFGm−1 ¼ aLFGm
q0

jq⃗j2 −
aLFGm−1
2jq⃗j2 ðM

2
n þ q2 −M2

Λc
Þ; m ¼ 1; 2; ðB9Þ

13Note that in the case of a d → u driven transition producing a p instead ofΛþ
c hyperon, in the above integrations one should, at least,

account for the Pauli blocking of the final proton.
14This is modified to x0 ¼ ðM2

Λc
þ jp⃗j2 − E2 − q̂2 þ 2q̂0EÞ=ð2jp⃗jjq⃗jÞ, with q̂ ¼ ðq0 − BΛc

; q⃗Þ, if the binding for the Λc is included.
15Remember that, for a LFG, we are implicitly assuming a local Λc binding equal to the one of the nucleon.
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and

cLFG0 ¼ −
1

2jq⃗j4
�
q2aLFG2 − q0aLFG1 ðq2 −M2

Λc
þM2

nÞ þ
aLFG0

4
½ðq2 −M2

Λc
þM2

nÞ2 þ 4M2
njq⃗j2�

�
; ðB10Þ

dLFG0 ¼ −3cLFG0 þ aLFG2 −M2
naLFG0

jq⃗j2 : ðB11Þ

In the case of the d → u driven transition producing a p instead ofΛþ
c hyperon, one should account for the Pauli blocking of

the final proton, replacing the δ½E0 − ðE − q0Þ� in Eqs. (B1)–(B3) by a particle spectral function [45]. In that case, and for a
LFG, all integrals in Eqs. (B1)–(B3) will be related to the imaginary part of the Lindhard function (see Appendix B
of Ref. [39]).
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