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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 ¢ — ¢'£v, transition with both left- and right-handed neutrino fields. We illustrate the
formalism by applying it to the A, 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: 10.1103/119y-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 R,w =
I'(B— D" ,)/T(B— D"¢p,) for which the
HFLAV Collaboration [2] has reported experimental aver-
ages that deviate from SM predictions at the level of 3.1c.

A related observable, R;,, =T(B, - J/yt70,)/
I'(B. - J/wu"v,), measured by the LHCb
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Collaboration [3] also shows a tension with SM expect-
ations, with a deviation of approximately 1.8¢ [4-16].
However, not all measurements point to deviations from
the SM. For instance, the ratio Ry =I'(A) - Afr7D,)/
['(A) - Af#~1,) 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 Ry = (B - Xt 1,)/
(B —» X¢~1,), recently reported by Belle I [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).

A widely 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

Published by the American Physical Society
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mediate g <> ¢’ 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 <> ¢ quark-level transition, valuable informa-
tion can be obtained from the study of the ratio
Ry =T(D" - 7v,)/T(D" - u*v,). 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 1. 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 decaysl 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 v,n — 7~ A., induced by a
v,d — 77 c transition at the quark level, as a potential
probe to further constrain the WCs associated witha d <> ¢
transition. This reaction could, in principle, be measured at
the DUNE far detector, where a fraction of the initial v,
neutrinos produced at Fermilab will oscillate into v,
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
|
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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

(Dp)veAz = (€1)C7YX, (1)

where X is a residual nuclear system with (A — 1) nucleons,
Y is either a strange or a charmed hyperon and £ = e, y, 7.
We consider an effective Hamiltonian which is a low
energy extension of the SM that includes all dimension-
six semileptonic ¢ — ¢'¢v, (d — u, ¢ 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 (n, p) and final Y
hadrons.

To illustrate the formalism, we apply it to the case of A,
production in v -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 A,
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 ¢(—e/3) <> ¢'(2¢/3) charged-current weak
transitions at the quark level we shall consider

£)+C o (@ Pyq)(EPv,)]

(2)

where ¢(x), ¢'(x), £(x) and v,(x) are Dirac fields, P,_; g =% (I + ysh,—pg) with hy = =1, hg = +1, G is the Fermi
decay constant, and V, 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

'The semileptonic decay to a final-state 7 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

veq = ¢'¢~ and the ¢ — ¢'¢~ 1, decays. For fixed ¢, ¢, £ flavors, the ten (generally complex) WCs qu ey and CT ad'tur

(with y, ¥/ = 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
€o123 = +1)
i
Uaﬁ}’s = —Eeaﬁp'ldph (3)
from where

i
G(l/}(l + h)(’J/S) ® Gaﬂ(l + h;(yS) = (1 + h}(’h)()gaﬂ ® Oap — (h;(’ + h}() Eelwaﬁoa/} ® Ouys (4)

which is zero for y # 5.
G
It is convenient to rewrite HZ:" as

/ 2GFV .y — _
¢ F
HY" = qq Z > (@ CYop '+ 1, Con 1 rsla) (Er' Pyve) +(@[CYpy + By Ch o vsla) (EP )

x=L.R
+ qu fx(q (I + hyys5)q) (€0, Pyupr)). (5)
with [31]
c, qq'tL — =1+ C qq'¢LL + qu’fRL’ C?q’fL 1+ C qq'¢LL Ct‘]/q’fRL’
qu YR = qu’fLR + qu’fRR’ ng '¢R = C(‘]/q '¢RR C(‘J/q/fLR’
qu "L ng’fLL + Cf,q/fRL’ ng'ﬂ = ng’t’LL - ng'fRL’
ng'm = Ciq’fLR + ng’fRR’ Cf;q’fR = C;q’t’RR - ng’fLR’
C;q’t’L - C;q’fLL’ CZq’fR = CZq’fRR‘ (6)

Let us now look at the Hzgf terms that are responsible for the antineutrino-induced reactions Uy,q' — g™ or the
g — qf"v, decays. They are obtained from the Hermitian conjugate of the operator HY! eff , and are given by

7 _ _
HiE = OV Z{ Z 8,18, + Clipy \Pyd ) eruP ) + Coisy s (@°Pyy°q ) (0o Py 0]
xx'=L.R
3 i @ G ) ) "
Introducing now the charged-conjugated fields® 15, €, we can rewrite the above terms as
HYY = Ol Z{ Z (@r"8,18, + Clip P ) (EC[=P 1, Ji5) + €Sy (@Y Ppy°d) (£57°P 7 005)]
xX'=L.R
+ Y Cl . (@°Py00"q ) (€[~ W?‘)Pﬂo]vg)}
x=L.R
2Gqu (g[cY A i, 1INl D 1 C _ 1S AP NAp C
3D ((@ICY - v+ m T prsla ) (Er P ) + (GICS o + hCT - 15! (FP %)
x=L.R
+CT (a0 [+ hyrsla) (o, Paf)|. (8)
*We have that W¢ = CP7 with C the charge-conjugation matrix that satisfies the relation Cy*7CT = —y~.

053006-3



E. HERNANDEZ, J. NIEVES, and J. E. SOBCZYK

PHYS. REV. D 112, 053006 (2025)

with
—V Vx Ax VvV Vx A — (Ax*
qd?L qu ‘R’ qq'?L qu ‘R’ qu’?R qu 'cL qu’?R - qu’f L
S __ (S% P __ (P a __ (Sx® P __ (Px
qq L C 9q'¢R’ qu/?L =C 9q'¢R’ qu’?R o qu/fL’ qu/?R o qull/ﬂL’
T _ _(Tx T _ _(Tx
qq'?L qu 'CR qu’?R qu 7L (9)
|
and where we have used the relation rest-frame (LAB) and neglecting the neutrino mass reads
YTV = ¥CCTTChPre, (10)

assuming that different fermion fields anticommute, which
implies that PT'Y = —@7T797 3

Note the resemblance between Egs. (5) and (8) and recall
that charge-conjugated fields play for antiparticles the same
role as regular fields for particles. Specifically, the fields 5

and € correspond to the annihilation of 7, and the creation
of £%, respectively, providing u-type spinors as wave
functions in the Dirac space. Thus, the expressions for
all nucleon-level reactions v,N — H¢~ (for d — u, c¢) and
vyN — H'¢" (foru — d, s, b) for a given spin parity of the
final H, H' 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-,17 [33], 1/2" - 1/2" [34], and 1/2F — 1/27,3/2"
[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 v,n - A,v~ REACTION

In this section we analyze the reaction v,n — A.77. 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

*Note this minus sign arising from the lepton operator was neither
taken into accountin Eq. (A.3) of Ref. [32], nor in the Appendix E of
Ref. [31]. In this latter case, we directly paid attention to the lepton
current constructed out of Dirac spinors and matrices, 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.

:G%|Vcd|2/d3p/MAc
472 k| E

31,/
X /ﬁé(“)(k%—p—p’

- —K)YIMP (1)

with k, p, p’, and k’ the four momenta of the v, neutron, A,
hyperon, and 7 lepton, respectively, and where i 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,” implies a well-defined negative
helicity. If the beam were not fully polarized we would 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 £|M|* as

5 S p S S Mk i)

){LR)( =L.R rr
. /
x M (p.q. k. Kir.r.s'),

SIMP? =
(12)

with p,, the neutrino density matrix elements that satisfy
the constraint p;; + pre = 1, and M, (p,q.k, k';r, 7. s")
the transition matrix element that depends on the four-
momenta k, k', p, g, with g = p — p’ = k' — k, the neutrino
chirality (y) and the spins r () of the initial (final) hadron
and s’ of the final lepton. M, can be written as

M, (p. g .k Kr, 7, s") = Ty, (p.qir )5 (kK s')
+Juy (P qs 7y (kK ')
T (Do @i 7)) (kK5 s),
(13)

with the dimensionful leptonic currents given by

*For this particular case the neutrino threshold energy is given
by Et ~ 8.3 GeV, or in the case of the y,n — A u~ reaction
Eh ~ 2.6 GeV, much larger than the 11m1ts on neutrino masses.
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Sl Hss') = (0o, (o)
Io=v.1,04 (14)
and the dimensionless hadronic ones by5
Ji, (p.gsr.') = (Ac;p'.7'12(0) 0%, d(0)|n; p.r),
Oty = Ciieqy?" + 1y Clory V75
Clery T Clery¥ss Cleey0" (T4 hy1s).
(15)

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

Ly (k ZJL (kK3 s) L (kK s')
1
= Tl +mTa (I + hyys)ky Tyl (16)
1
Wi (p.q) =5 (Acp'.r[e(0)0,d(0) m: p. )
X (Aes p', 7'[2(0)0%,d(0)|n; p, 1), (17)

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

(Aes p', r'[e(0)d(0) ;1) = Fgiin (P’
(Aes ', P'[2(0)ysd(0)|n; py ) = Fpiin (P,

(Aes ', P[2(0)y*d(0)|n; p, r) = @ip (P, 1) | ¥
(Aes ', P'[2(0)y%ysd(0)|ns p, r) = in (P', 1)

(Acip'. 712(0)0d(0)|n: p. r) = iy (P 77)q i

4D
s
M

n

The corresponding expressions for the W;{ structure
functions in terms of the WCs and the above form factors

We take the hadron states normalization as (§',r|p,r) =
(27)3(E/M)&*(p — p')8,, with r, ¥ spin indexes.

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

P;(k}/op)(’ =P P;(’kyo = 5)(;(’ )(kyo' (]8)

(r*p” =7"p ’”)+T40"/”}un(ﬁ, r).

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

Z /’MZ

x=L.R a.b

M = (19)

)(ab-

The fully left-handed polarized case for neutrino corre-
sponds to p;; = 1,prr = 0, while the opposite will be
true for a fully right-handed antineutrino beam, i.e.,
prr = 0,prr = 1 for this latter case.

The expressions for the different L,,;, 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 H, — H, transition.” In fact, we have taken
g=p-p'(=kK—k), 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 V~VZ 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 witha 1/27 — 1/27
transition for which we take the form factor parametrization

r)uy (P, 1),

)}/SMn(p’ )’

/a

“Fl+—F2+M
A

M,

F3>un(ﬁ’r)’

[ed la

P p o
¥sGy + i 75G3) u,(p.r),
A,

c

G
Y°s 1+Mn

T . Ty
e (p*p" — pPp'™) + Ve (y*p? =y’ p%)
n n

(20)

|

are collected in Appendix E of Ref. [34], where one has to
change M, and C, y g p 1, used there, by M, and Cdc‘;(s P.T
respectively. As mentioned above, the relations between
the Wx structure functions and the corresponding form
factors are also available for 0~ — 07,17 [33],and 1/2" —
1/27,3/2~ [35] transitions.

In those expressions, M refers to the mass of the initial
hadron; M,, in the present case.
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The form factors in Eq. (20) can be related to the A, — 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 g> > 0 region of the A, — n decay to the ¢g> < 0 one of
the v,n — A,7~ reaction. This extrapolation outside the
fitted region is clearly a source of uncertainty since the two
¢ regions are far apart.® This effect can be seen for instance
in Fig. 16 of Ref. [29].

Similarly to what we obtained for a H — H't"v, decay
[see Eq. (14) of Ref. [34]], we now find that £| M > can be
written as

2 . 12
SIMp =" aw) +Blw) X —c@) ) ()

with 0 = (P 'p/)/(MnMAC) = (sz\( +M% _qz)/(zMAEMn)
the product of the two hadron four velocities. The expres-
sions for the A(w), B(w), and C(w) functions in terms of
the VNVX structure functions are given in Appendix D of
Ref. [31], where M,M,, and m, there correspond to
M,, (M, — oM, ) and m,, respectively. Moreover, it is
necessary to include a factor p,, in the corresponding sums
over neutrino chiralities present in the definition of
A(w), B(w), and C(w). 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 p,, factor should
be included. For a purely left-handed neutrino beam,
one has p;; =1,ppr =0, so only the left-handed
chirality terms contribute to the A(w), B(w), and C(w)
functions.
After integration of the delta function, we get

G%|Vcd|2M%M/2\( /‘aur
0 —=—"—"=S_— dw
471’|k|2 w_

with w, = E, /M, and

8Even at the threshold for the v.n — A7 reaction one already
has ¢ ~ —3.68 GeV?, while in Ref. [36] the form factors are
evaluated on the lattice for ¢> > —0.36 GeV>.

The 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.

EL = sy (I M,)(S 063 =)

& [K22(8, M3, m?)] (23)

the maximum and minimum energies allowed for
the final A, hadron in the LAB reference frame,
corresponding, respectively, to the A, being emitted in
the forward/backward direction in the neutrino-nucleon
center of mass frame. In addition, S :Mﬁ+2Mn|§|
is the total center of mass energy squared and
AMx,y,7) =22+ y*> + 722 — 2xy — 2xz — 2yz, the Kiillen
lambda function.

The do/dQ? differential cross section is given by (with

0% =—¢%

do 1 _do
dQ* 2M,\ M,dw

G%|Vcd|2MnMA |£| |]_é|2
= < —.A w +B w)— —Clw .
871'|k|2 ( ) ( >Mn ( )le
(24)

In Fig. 1, we show the results for the scaled cross section
o' = (8aM2%6)/(Gr|V 4])? and do’ /dQ?, 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 v.n - A.z~ QE REACTION IN NUCLEI

A. General considerations

To address the nuclear effects for the case of the A 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
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FIG. 1.
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The v,n — A,7~ reaction evaluated within the SM for a fully left-handed polarized v, beam. Left panel: ¢ =

(87M2%6)/(GF|V.4])? cross section as a function of the neutrino energy. Right panel: do’'/dQ? differential distribution for
E, =10 GeV. Green band: total uncertainty associated with the determination of the form factors (see text for details).

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)
S;l"/ b )(E, P), which yields the probability density of
finding a neutron/proton in the target nucleus with

a given momentum p and energy E. One expects the
SF to be rotational invariant for a nucleus at rest,

i.c.S\"(E.p) = S!"(E.|p|). The final state interactions
(FSI) that affect the outgoing hadrons, can be currently
described only in a very simplified way for the A, particle.
We start from the cross section of Eq. (11) for the
scattering of a neutrino of energy |k| off a free nucleon at
|

- G%|Vcd|2/ d3p Mn
Ay — = T =5
© a2k ) @a) M2+ pr "
— G%|V6d|2 d3k/ FAZ ( )
o 27 |0 v 9),
47 k|

rest,

G2 Vc 2 MA. d3k/
- :7|Z2|l?d|| /‘p”’ E/ o 0kt p—p' =)
x> IMP.

Now the sum over all neutrons in the nucleus A, corre-
sponds to the dimensionless integral over the spectral
function which is normalized as

&’p W =
/(zﬂ)3/dES,§>(E,p) —A-Z

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

(25)

(26)

E/

" . M d3k/ _
eI [ [ p = = KSIMP

(27)

where we have introduced the squared modulus of the spin-averaged nuclear amplitude F ?,ZA( (¢) (with dimension of energy

in natural units),

d*p
FA* = dE S(”) E,
VA, (‘]) / (2][)3/ h (

d n
p =
|>\/Mﬁ+p2 E

M My,

S(E—E — ¢ )ZIM|%. (28)

The M, /\/M? + 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 /M2 + p? and

E'=\/M} + (P —§)*, respectively.

Next, we consider two different procedures to compute the nuclear response function F fZA (g), whose differences could
provide an estimate of the theoretical uncertainties associated with our predictions for the A, production in nuclei.
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(1) Nuclear corrections by convoluting the single-nucleon cross section: In this case, we approximate

P M
F)7% (q) :/(2;)) /dES (E, |p|)ﬁ 2

Note that in the computation of /% (g), in this scenario

we first precalculate > |M|? at the hadron level, see
Eq. (21), assuming that p*> = M; and p"> = Mj . Effec-
tively, the only explicit dependence on p appears in the
four-scalar product (p - k). The integral over the hole SF
affects the energy conservation, giving rise to the allowed
(¢°,4|) domain of this QE reaction. The inclusion of the
SF also leads to a more realistic evaluation in a nuclear
medium of the (p-k) and (p - k) terms that appear in
Eq. (21), where we take p® = E off the mass shell, and thus
independent of p. A detailed way of evaluating Eq. (29) is
explained in Appendix B.

(i) 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

Z /’MZWXM

x=L,R a,b

)(ab k CI) (30)

with the nuclear tensor,10 constructed out of the
hadron-level tensor W% (p, q) of Eq. (17),

Wit )= [ 2 [ a sk 17)
Az\d) = (2ﬂ)3 m\Es [P
M, My
X ——
/ M2 —’2 E
ab
WP Dy gy, BV
which assumes that both the initial nucleon and the
final A, 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
|

“5(E~E' - ¢")

dos,  GilVedl® /lEMM_MAf il
sz 277.'|7é| m;

G2V |2 [lk+aM-M,,
:F|—f|/ " dKOH(1 — | cos 69))

4r|k|?

with

S(E-E -q°)

M;
2

2
(4@ + B@) 25 - c) 3. (9

energy conservation reads
S(E—E —q¢°) = 5<\/M3, LR -E - qo). (32)

We note that in both descriptions above, the nuclear
response F (q) is rotational invariant. Therefore, it can

only depend on |k, |k = |k||K'| cos 6,, and one
can trivially integrate in ¢, in Eq. (27) to get

G|V g [H+aM=-M,, +1
o, :M/ : | '|dk’0/ dcos0,.F% (q),
2zlk]  Jm -1 o

(33)

T

with AM the difference between the mass M,, of the
initial nucleus and the energy of the lowest state of the final
(A — 1), 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 Ff,ZAE(Q) will limit the actual phase
space that can be accessed. In the case of SM currents
producing a proton instead of a A}, Eq. (33) reduces to
Eq. (2) of Ref. [42] taking into account that the F,_
nuclear QE amplitude introduced there corresponds to
|Vud|2F,f‘TZ(q)/(2|Iz|MAZ), within the normalizations
adopted in this work. Note also that the F, nuclear QE
amplitude in Ref. [42] includes Pauli blocking of the final
nucleon.

One can now evaluate the doy,/ dQ? differential cross
section as

k |dk’0/ d cos 0,5(Q% + m? —2|k|(K° — K| cos 6,))F*% (g)
_1 75

A
Fv,ZAL. <qv k) |cos 0.=cos 62> (34)

This definition is in accordance with the one in Refs. [39-42], except that in these latter cases the correspondlng W"” 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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2 2—2]_6'/(/0
cos@?zQ +mi q,| | )
2|kl[K'|

(35)

The H(1 — | cos 6?|) Heaviside function imposes the con-
straint

(Q* + m2)? + 4m2|k|?

k/() > =
4[k|(m7 + Q)

(36)

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]

SLFG(E, |B|) = 2/d3rH[kp(r) - |ﬁ|]5<E_ \/m)
(37)

with kp(r) = (32%p,(r))'/3 and p,(r) the local neutron
Fermi momentum and density distribution, respectively.
|

For an isospin symmetric nucleus, the latter is directly
related to the nucleon density, p,(r) = p(r)/2. Strictly
speaking, in a LFG, the nucleons are moving in an
attractive central potential —k2(r)/2M, with M 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 8(E — E' — ¢°). In this approximation, the
hadrons are treated on shell [see Eq. (37)], and the two
approaches discussed previously in Egs. (29) and (30) to

compute the nuclear response F/:ZA (g, k) 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 “He [47] and
later extended to '%0. In both cases, a successful compari-
son with experimental (e, ¢’) data has been obtained. The
hole SF is defined in the second quantization as

S(E, p) = Z<p|a>T<p|ﬂ>Z<TO|al|TA—1><lPA—1 |lag|Wo)d(Eg — E — Ea_y), (38)

ap Waoi

where W, is a correlated many-body A-particle ground-state
wave function. The sum is made over a, 3, the quantum
numbers of single-particle states which form a basis of the
calculation; aZ,, a, being the corresponding creation/anni-
hilation operators. The sum is dominated by the diagonal
term which, together with the integral over all W,_,
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,
{p|a) denotes single-particle wave functions in momentum
space. The calculation is performed within the coupled
cluster theory. In this approach, the many-body Schro-
dinger equation is solved following an ansatz for the
ground state wave function |¥,) = e’|0). Here, we start
from a reference state |0) (typically corresponding to a
Hartree-Fock solution), and include further correlations
by means of the e’ operator, where T is a sum of
excitations

1
T = Zt?ajlai +Z Z t?}’alalaiaj +--. (39
a,i

a,b,i,j

[

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 ¢ amplitudes are determined by solving a set of
coupled nonlinear equations. Since the e’ operator is non-
Hermitian, the coupled cluster framework requires an
additional deexcitation A operator when defining the left
Hamiltonian eigenstates (¥y| = (0|(1 + A)e~T. The ex-
cited spectrum ¥,_; 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
NNLO,,, 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 the A, 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 Egs. (29) and (31) where we add a constant binding B,

SE-E—-q°) > 8(E-(E'-Bx)-¢°). (40)
and we will estimate the sensitivity of our results by varying
the magnitude of the binding energy.

Within the LFG approximation, since we ignore the
—k2.(r)/2M potential felt by the nucleon and we use the
S|[E' — (E — q°)] energy-conserving delta function for
the hadron vertex [41,45], we are implicitly assuming that
the produced A hyperon feels the same local binding
potential felt by the nucleon.

V. RESULTS
A. SM results

In the following, we will focus on the v, + 10 — £~ +
A, + 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
do’/dQ? normalized per number of neutrons and such
that o' = (82aM2%6)/(Gp|V.4)>. We study the reaction
induced by both tau (left) and muon (right) neutrinos of
10 GeV energy. Looking at the v, induced reaction we see
the appearance of tails for low and high Q? (below 1 and
above 9 GeV?, 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

10l e LFG
—-— SF (no A¢ binding)
SF; Ba, € (20, 60) MeV
0.84 [
I F Y ---- free nucleon
> i -
(3] i
S 067
S ] Ve + 100517 + Ac+ X
3 /!
5 049 : . E,=10 GeV
I
I N
0.2 | NN
it \'Q.\
1 NS
I VIS
I VSIS
00 . Ay . —
0 2 4 6 8 10 12 14
Q% [GeV?]

FIG. 2.

binding to the A, and it is remarkably good for B, =
40 MeV (solid green line). This is somehow expected
since, as mentioned, the LFG calculation implicitly
assumes a local binding for the A, which equals the one
felt by the nucleon. In the figure we show a theoretical
uncertainty band associated with the unknown binding of
the A in '%0. Similar results are obtained for the v, induced
reaction. Here, however, the uncertainty and the difference
between various predictions is less significant.

In Fig. 3 we show the v, + %0 —» 7= + A, + X two-
dimensional d?c/(dQ.d|q,|) differential cross section for
E, = 10 GeV, and evaluated using both the LFG (left) and
the ab initio realistic (right) hole SFs, the latter using
By, =40 MeV. We see that the reaction is very much
forward peaked (0, < 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
B, =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 d’c/(dQ,d|q"|)
on %0 for E, =10 GeV and 6, = 3° (top), 6, = 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 A, 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 |¢°|.
The behavior is similar for both the v, and v, induced
reactions. As can be seen in Figs. 2 and 4, the calculation
with a realistic SF and a binding energy A, 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

2.001 |

1.75{ b F SF; Ba € (20, 60) MeV

1.50
1.254]

1.004 v+ 0T +Ac+ X

do'/dQ? [GeV?]

0.75; E, =10 GeV
0.50

0.25

0.00
0

Q? [GeV?]

(do’/dQ?) cross section per number of neutrons for the QE reaction v, + 0 — £~ 4+ A, + X induced by both tau (left) and

muon (right) neutrinos evaluated within the SM and for E, = 10 GeV.
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Two-dimensional d’¢/(dQ.d|q,|) differential cross section for the QE reaction v, + %0 — 7~ + A, + X evaluated within the
SM and for E, = 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 B, = 40 MeV and the nuclear response FfrzA((q) evaluated as indicated in Eq. (30).
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of the uncertainties due to our lack of knowledge on the
properties of the A, 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-
pr lepton tails in Drell-Yan data. These constraints were
derived under the assumption that only operators involving
left-handed neutrinos are present, and that each WC is fitted
individually while setting all others to zero.

The pure leptonic decay Dt — v, with £ = e, u, ©
is able to constrain 1—C4.,, =CY r —Ch.pr; and
Cch o =C5 —CS.sr-  The  semileptonic  one
D — 7= ¢%v,, where now £ =e, u (with the 7 decay
forbidden by phase space), gives information on
Cirerr =1 = Cieer, + Cerr L Cgch = CfIafLL + CﬁchL
and CT ,, = C7 _,,,. 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-pr lepton tails in Drell-Yan data
gives stringent constraints on CY_;,,CS 4 ;. C5.rr» and
C? ;1 1.~ Although the contribution from CV_,,, interferes
with the SM one, the results from Ref. [28] suggest the term
in |CY,,;,|* is dominant, with a non-negligible correction
coming from interference with the SM if CY;_,, , is assumed
to be real. Note, however, that the interference vanishes
exactly if CY_,,, 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 1072, 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 1o uncertainties of the WCs. Then the impact
of the different NP terms in the v,n — A, 7~ cross section
and the A, and 7 vector polarization components were
analyzed. The C5_,,,C5. .z, and CT_, WCs are con-
strained by Drell-Yan data to be of the order of 1072, As a
result, the influence of the corresponding NP terms in the
above observables are simply too small. However, the
constraint for CY_,,, which results from the D™ — 7Tu,
decay, is given in Ref. [29] at the 1o level to be
092 51— CVY..r.| S 1.16. This allows for large values
for the real and/or imaginary part of Cz‘i/chL’ leading to

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

v.n — A 7 cross sections a factor of 5 larger that SM model
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 CY__,, . Something similar happens for CY,_,, 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
CY..;, coming from the leptonic decay. However, as
mentioned above, in the case of the Drell-Yan processes
the contribution from CY_, , is dominated by the quadratic
|CY,.;.|* 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 |CY_,, | S 1072 than having |Im(CY_,,)| S
0.5 as assumed in Fig. 2 of Ref. [29].12 With such small
values, deviations from the SM, caused by CXCTL 1» for the
v.n — A.7 cross section, will also be minor, contradicting
the claims made in Ref. [29]. This leaves C};CT 1. as the only
WC for which this reaction could be competitive in
imposing restrictions on its value.

The annular region 0.92 5 [1 — CY_ ., | S 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 |CY_ ., — 1| not exceeding O(107'). If
the Wilson coefficient is allowed to be complex, this
constraint can still accommodate values such that
|CY,.rr. — 0.04| ~ 0.12. This variation of C)),_,, 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 FffA(_ (¢) 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 d?c/(dQ,d|q,|) evalu-
ated for E, = 10 GeV and the two scattering angles, 3° and
10°. The lower panel shows do/dQ?. As indicated by the
green band, the effect due to the variation of CY_ p, is of the
order of 10% for both observables. This variation is
comparable to the nuclear uncertainty that arises from
the unknown binding energy A, 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 CY_ ., via neutrino scattering cross sections,
this level of theoretical precision on nuclear effects would

Taking | Im(CY,.; )| S 0.5 implies a large deviation from the
SM, and it would correspond to the approximate (unrealistic)
limit for |Im(CY.,,)|, when one assumes that Drell-Yan
data constrain the real part Re(CY.,,) instead of the modulus
of this WC.
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FIG. 5.

Nuclear uncertainties versus sensitivity to BSM effects. Top left (right) panel: Double-differential cross section

d*c/(dQ.d|q,]|) for the QE reaction v, + %0 — 7= + A, + X evaluated in '°0 for E, = 10 GeV and 0, = 3° (9, = 10°). The green
band stands for the variation induced in the distribution by the allowed values for the CY__ ., WC and fixing B A, = 40 MeV. The black
dashed-lines show the uncertainty in the SM results when B, varies in the 30-50 MeV range. Bottom panel: The do’/dQ>
[0’ = (82M25)/(GE|V .q|)?] cross section, per number of neutrons, for the same reaction.

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 g — ¢'£v,
transition and both left- and right-handed neutrino fields.
We illustrate the formalism by applying it to the A,
production in v -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 the CZCTL ;. WClis inconsistent with
the analysis of high-p; 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 v,(D,)A; — tTYX 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 d*c/(dE.d cos6,), on
the components of the tau-polarization vector. We plan to
continue the present research by obtaining general
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expressions for the outgoing hadron (charged pion or rho
meson) energy and angular differential cross section for the
sequential v,A; >t (77v,pv,)YX  and DA, >
t(x* 0, pTD,)YX 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 —» H't™(n"v,, p~v,)v, 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

1) A -
Fy=f1, G =91, Fg= Y fo, Fp=—2" g, Ty=hy,
mg—m, m, + my
M8 M,A
Fy= 2Mf0+ M[l_é]f+_5s+fL,
q S+
My bm My Ay
Fy=-—5fo+ [L+0lfy =6, fu,
q S+
M,A M,
Gy=-—5 g0 - M1 =0dlg, -6, g
q S_
My Ay My by
G; = qz 90 — s [1 + 5]g+ + 6, 91,
hy A} hy & -
T, :—2M%<—*— S L——*+2—Mm>,
Sy q°s, S_gs_
A 2M, - 1) -
T, =M, (—ffhl + AR M —5]hL>,
q s_ S_
A M, . & ~
T3_M,1(—q—g4hL— g h+—|—s—M[1+5]hl>, (Al)

with § = (M2 — Mf\(’_)/qz, sy = (M) + M,)? —q* Sy =M, — My, Ay =My +M, and 6, =2M\ M,/s.. Note
that Fg and Fp have not been computed in LQCD, and both form factors are obtained from the vector f, and axial g,

form factors using the equations of motion. In the numerical calculations, we use m,. = 1.2730 4 0.03046 GeV and
my = 4.77 £ 0.07 MeV taken from Ref. [53].

The expressions above agree with the ones in Appendix E of Ref. [34] with the replacements M, — M,, and m;, — m,.
APPENDIX B: EVALUATION OF F‘: A (g) IN EQ. (29)

We first use rotational covariance and introduce the functions

MnMAL.

d3p / ) N
dES; " (E, _—
/(271’)3 h ( |p|) /M% ]-9’2E/

S(E-—E —¢")E" =a,, m=0,1,,2 Bl
q "
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[ [ e
[ e s

They depend on ¢° and |g| and can be evaluated once the neutron-hole SF is known."?
Recalling that E' = /M3 + (p — §)*, q = k' =k, it trivially follows

MM ‘ .
Bl) —=l _S(E—E — " )E"p/ = b,q/, m=0,1 (B2)

/ 2 —'2 !
Mn

MnMAC

~S(E—E' = q°)p/p* = colqPo* + dod’q*. (B3)

MM dES
=i | 4plp |/ 2D pnai ~ f], m=0,1,2
M, M, dES" E,
by = ﬁ/dl 152 ME%HU— L m=0.1
|q] VM2 + p?

I

co = gt [ alflly dEjﬂ”(l RHI -
_MM /d| IGE dES (E |p|)

0 2| |3 /7
with x, = (M2 + > = E2 = ¢ + 2¢°E)/(2|p||4])."* As we see all angular integrations have been done analytically

which reduces the uncertainties.
In terms of these functions one has that F‘:ZA(q) defined in Eq. (29) is given by

—1+43x3)H[1 — |x,

I, (B4)

M? (B > Lo Clw
Fin @) =5 {5 lf) = b ) = Alwlan = (FPas 4 coaPIRE + oG 07 =20, 87-D ). (89

For the case of a LFG, using the corresponding hole SF of Eq. (37) and no extra B, binding,]5 one further has that the a,,
defined above are given by

2M, M,
S (m+ Dz

LFG _

an r2drH[Ep(r) — E)(EZ* (r) — E™*1), m=0,1,2, (B6)

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

q2

0 M2 M2 4M?
Si == qf (1 | \/ ) - 2”7 (Bg)
2 q

where £_ < 0 (since ¢*> < 0), and £, > 0 is the minimum neutron energy that guarantees that x, < 1. In addition in
Eq. (B6), Ep(r) = /M2 +ki(r) and E =max{M,,E,}. Besides, since the neutron is on shell, we have that
¢"E-p-q= (M} +q* = M3 )/2, and from Eqs. (B1)~(B3) it readily follows

2 (E-E)(E-E) (B7)

1—x0—

bLFG_aLFGLO_aanFGl (M2 + ¢> — M3) m=1,2 (B9)
R T A

“Note that in the case of a d — u driven transition producing a p instead of A} hyperon, in the above integrations one should, at least,
account for the Pauli blocking of the final proton

Th1s is modified to xq = (M2 +|pP-E*-g* + 24 G|), with g = (¢° — By, . 4), if the binding for the A, is included.

""Remember that, for a LFG, we are 1mp11c1t1y assummg a local A, binding equal to the one of the nucleon.
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and
) 4LFG .
0 = = s { POl = PO - M3 M) + B - MR MR AL (B0
LFG _ 42 ,LFG
d5FG = _3LFG ) no (B11)

41
In the case of the d — u driven transition producing a p instead of A hyperon, one should account for the Pauli blocking of

the final proton, replacing the §[E’ — (E — ¢°)] in Egs. (B1)—~(B3) by a particle spectral function [45]. In that case, and for a
LFG, all integrals in Eqgs. (B1)—~(B3) will be related to the imaginary part of the Lindhard function (see Appendix B

of Ref. [39]).
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