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We systematically compute the Λbðp; sbÞ → Λcð2595Þþ and Λbðp; sbÞ → Λcð2625Þþ form factors
within the heavy quark effective theory (HQET) framework including Oð1=m2

cÞ. Besides taking into
account the Standard Model–like vector and axial contributions, we further determine tensor and
pseudotensor form factors. Our work constitutes a step forward with respect to previous analyses allowing
for a comprehensive study of the matrix element parametrization stemming from the HQET formalism.
Finally, we demonstrate that the resulting form factors agree well with lattice quantum chromodynamics
determinations stressing the need and relevance of the newly derived 1=m2

c corrections.
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I. INTRODUCTION

The tree-level semileptonic decays involving the b → c
transition hold a fundamental role in determining the
modulus of the Cabibbo-Kobayashi-Maskawa matrix
element jVcbj [1–14]. They also serve as a valuable tool
for investigating lepton-flavor-universality violation. In the
latter scenario, the calculation of mesonic form factors is
crucial for predicting the RDð�Þ ratios [15–17], which
currently exhibit a significant 3σ tension with the current
experimental average [18–20]. However, the exploration of
baryonic decays can offer a complementary way to probe
new physics (NP) beyond the standard model (SM) in
comparison to themesonic counterparts (see Refs. [21–26]).
As first pointed out in [27,28], the low energy dynamics

of mesons and baryons containing a heavy quark enjoys a
spin-flavor symmetry where symmetry-breaking effects
can be taken into account in a well-defined expansion in
the inverse of the heavy quark masses [29].
In the context of the heavy quark effective theory (HQET)

a comprehensive computation of weak-decay form factors
for the ground-state baryons Λb → Λc and mesons
B → Dð�Þ processes was first derived, respectively, in

[30,31]. Instead, the focus of our study revolves around
Λb → Λ�

c decays. The computation of the form factors was
initially laid out in [32], employing the heavy quark
expansion (HQE) to capture effects up to first order in the
inverse of the heavy quark masses Oð1=mc;bÞ. Building
upon this foundation, the authors of [33] extended the effort,
introducing a novel form factor definition and incorporating
short-distance corrections up to OðαsÞ.
In a recent advancement, the authors of Ref. [34]

achieved higher precision by computing the form factors
up to Oð1=mc;b; αsÞ, including the contributions of NP
form factors arising from tensor and pseudotensor medi-
ating currents. This computation was carried out using the
definitions established in [32]. See also [35–37] for

applications of the HQET to Λb → Λð�Þ
c processes.

Furthermore, the full set of Λb → Λ�
c form factors has

also been established through lattice computations. Initial
efforts by [38] were further refined by [39]. These compu-
tations have provided data predominantly in the near-zero
recoil region w≲ 1.05, where w ¼ v · v0, with v and v0
representing the velocities of the initial and final states.
Examining the compatibility of lattice results with HQET

predictions, the authors of [34] identified significant dis-
crepancies in the fitting process. This prompted us to go
beyond the constraints of the first-order approximation,
incorporating terms up to Oð1=m2

cÞ. At the same time, we
independently cross-validated outcomes for the NP form
factors, utilizing the framework established in [33] as the
form factor basis for our analysis. One of the main achieve-
ments of this work is to show that the newly computed 1=m2

c
order is needed to reconcile lattice quantum chromodynam-
ics (LQCD) results with HQET computations.
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The work is organized in the following way. In Sec. II,
we first revisit the notation employed for the hadronic form
factors and the on-shell amplitudes and then provide a brief
overview of the HQET. This section helps set the stage for
the systematic computation of hadronic matrix elements
contributing to baryonic decay processes.
In Sec. III we reexamine and confirm the first-order

determination of the vector and axial form factors presented
in [33]. Furthermore, we include the chromomagnetic
corrections and present the results for the tensor and
pseudotensor form factors. Moving on to Sec. IV, our
attention shifts to the novel determination of the Oð1=m2

cÞ
contributions for the full set of form factors. The analysis
takes advantage of the residual chiral (RC) framework as
well as the vanishing chromomagnetic (VC) limit [16].
Finally, in Sec. V, we compare our analytic results to

LQCD data [39] and demonstrate that our predictions align
remarkably well with the lattice results. Our findings and
outlook are summarized in the conclusions presented in
Sec. VI. Several technical details are summarized in the
appendixes.

II. NOTATION AND THEORETICAL
FRAMEWORK

This section is dedicated to setting up the notation that
we will use for the hadronic form factors and the on-shell

amplitudes. Furthermore, to keep the work self-contained
we provide a brief overview of the HQET.

A. Λb → Λ�
c transitions

In the following we examine a suitable parametrization
for the matrix elements stemming from the underlying
currents mediating the transitions:

Λbðp;sbÞ→Λcð2595Þþðk;Jz≡scÞ with JP¼1=2−;

Λbðp;sbÞ→Λcð2625Þþðk;Jz≡scþλcÞ with JP¼3=2−:

ð1Þ

Here p and k are the four momenta of the initial and final
states, respectively. The momentum transfer is given by
qμ ≡ pμ − kμ. With JP we denote the angular momentum
and parity of the Λ�

c states, while sb and Jz are the rest-
frame helicities. For the Λcð2625Þþ state, Jz is the
composition of the rest-frame helicity sc of a 1=2þ spinor
and the polarization of the vector ηðλcÞ (see Appendix C).
The most general decomposition of the hadronic

matrix elements for vector, axial, tensor, and pseudo-
tensor currents mediating the transition Λb → Λcð2595Þþ
reads as

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄γμbjΛ0
bðp; sbÞi ¼ þūð1=2Þα ðk; ηðλcÞ; scÞ

�X
i

fiðq2ÞΓαμ
V;i

�
uðp; sbÞ;

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄γμγ5bjΛ0
bðp; sbÞi ¼ −ūð1=2Þα ðk; ηðλcÞ; scÞ

�X
i

giðq2Þγ5Γαμ
A;i

�
uðp; sbÞ;

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄iσμνqνbjΛ0
bðp; sbÞi ¼ −ūð1=2Þα ðk; ηðλcÞ; scÞ

�X
i

tiðq2ÞΓαμ
T;i

�
uðp; sbÞ;

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄iσμνqνγ5bjΛ0
bðp; sbÞi ¼ −ūð1=2Þα ðk; ηðλcÞ; scÞ

�X
i

t5i ðq2Þγ5Γαμ
T5;i

�
uðp; sbÞ; ð2Þ

where ūð1=2Þα is the spin-1=2 projection of a Rarita-Schwinger object, denoted as uRSα ðk; η; sÞ (see Appendix A). The full set
of Λb → Λ�

cð2595Þ form factors is given by fiðq2Þ; giðq2Þ; tiðq2Þ; t5i ðq2Þ.
A similar parametrization can be applied to the hadronic matrix element for the transition to the Λcð2625Þþ state:

hΛcð2625Þþðk; ηðλcÞ; scÞjc̄γμbjΛ0
bðp; sbÞi ¼ þūð3=2Þα ðk; ηðλcÞ; scÞ

�X
i

Fiðq2ÞΓαμ
V;i

�
uðp; sbÞ;

hΛcð2625Þþðk; ηðλcÞ; scÞjc̄γμγ5bjΛ0
bðp; sbÞi ¼ −ūð3=2Þα ðk; ηðλcÞ; scÞ

�X
i

Giðq2Þγ5Γαμ
A;i

�
uðp; sbÞ;

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄iσμνqνbjΛ0
bðp; sbÞi ¼ −ūð3=2Þα ðk; ηðλcÞ; scÞ

�X
i

Tiðq2ÞΓαμ
T;i

�
uðp; sbÞ;

hΛcð2595Þþðk; ηðλcÞ; scÞjc̄iσμνqνγ5bjΛ0
bðp; sbÞi ¼ −ūð3=2Þα ðk; ηðλcÞ; scÞ

�X
i

T5
i ðq2Þγ5Γαμ

T5;i

�
uðp; sbÞ: ð3Þ
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Here ūð3=2Þα is the spin 3=2 projection of a Rarita-Schwinger
spinor and Fiðq2Þ; Giðq2Þ; Tiðq2Þ; T5

i ðq2Þ are the Λb →
Λ�
cð2625Þ form factors.
Following [34], we express the matrix elements of the

currents via on-shell amplitudes, by contracting them with
states having well-defined polarization. The relevant Dirac
structures Γαμ

VðA;T;T5Þ;i are listed in Appendix B. Then, the
on-shell amplitudes are defined as

AΓðsb; sc; λc; λqÞ≡ hΛ�
cðsc; ηðλcÞÞjc̄Γμε�μðλqÞbjΛbðsbÞi;

ð4Þ

where for the SM-like currents Γμ ¼ γμ; γμγ5, Eq. (4)
coincides with helicity amplitudes and the polarization
vectors ε�μðλqÞ constitute a basis for the exchange of a
virtual W boson with polarization λq ∈ ft; 0;þ1;−1g (see
Appendix C). However, in the case where the decay is
mediated by the (pseudo)tensor current c̄σμνb (c̄σμνγ5b), it
becomes necessary to establish a basis for the exchange of a
fictitious particle with JP ¼ 1−⨁1þ, momentum qμ, and
mass

ffiffiffiffiffi
q2

p
. As outlined in [34], a suitable representation for

the polarization is given by qνεμðλqÞ.
To systematically calculate the full set of form factors,

we match the on-shell amplitudes with fixed total angular
momentum J of the Λ�

c state in the full QCD theory to the
HQET ones. More details on the computation of the on-
shell amplitudes can be found in Appendix B. The next
sections will provide an overview of the HQET and a
detailed analysis of the matrix elements that are needed to
express the on-shell amplitudes up to the next-to-next-to-
leading order within the HQE framework.

B. Heavy quark effective theory in a nutshell

We now provide a concise overview of the fundamentals
of the HQET framework that we will use throughout this
work. We will employ the notation of Refs. [16,29]. At the
heart of the HQET there is a heavy quark Q with mass mQ,
inside a hadron almost on-shell. This permits the following
decomposition in terms of the large and small component
fields Qþ and Q−:

QvþðxÞ¼eimQv·xΠþQðxÞ; Qv
−ðxÞ¼eimQv·xΠ−QðxÞ; ð5Þ

with Π� ¼ ð1� vÞ=2 projector operators, and v denoting
the heavy quark velocity which is defined up to repar-
ametrizations. In fact, the effective Lagrangian is invariant
under v → v0 ¼ vþ k=mQ, where k is a residual momen-
tum of order ΛQCD [29,40].
The QCD Lagrangian for the heavy quark decomposes

as follows:

LQCD ¼ Q̄vþiv ·DQvþ þ Q̄vþiD⊥Qv
− þ Q̄v

−iD⊥Qvþ
− Q̄v

−ðiv ·Dþ 2mQÞQv
−; ð6Þ

where Dμ is the gauge covariant derivative of QCD and
Dμ

⊥ ¼ Dμ − ðv ·DÞvμ denotes the transverse derivative
orthogonal to the heavy quark velocity. Qvþ represents
the nearly on-shell degree of freedom while Qv

− corre-
sponds to fluctuations suppressed by the heavy quark mass.
Consequently, integrating out Qv

− yields an effective theory
for the large componentQvþ of the heavy quark field, which
reads

LHQET ¼ Q̄vþiv ·DQvþ þ Q̄vþiD⊥
1

iv ·Dþ 2mQ
iD⊥Qvþ:

ð7Þ

This form is well-suited for an expansion in terms of the
inverse of (twice) the heavy quark mass given by

LHQET ¼
X
n¼0

Ln=ð2mQÞn: ð8Þ

By expanding Eq. (8) up to the second order, one finds
[16,29,30]

L0 ¼ Q̄vþiv ·DQvþ; ð9Þ

L1 ¼ −Q̄vþ

�
D2 þ Z

g
2
σαβGαβ

�
Qvþ ¼ Lkin þ Lmag; ð10Þ

L2 ¼ gQ̄vþ½Z1vβDαGαβ − iZ2vασβγDγGαβ�Qvþ: ð11Þ

Here, igGαβ ¼ ½Dα; Dβ� is the field strength and
σαβ ≡ i

2
½γα; γβ�. The coefficients Z, Z1, and Z2 are renorm-

alization factors. Their deviation from unity becomes
significant when addressing corrections at Oðαs=mQÞ
and beyond (see Refs. [29,31,41,42]). For the scope of
our study, these deviations can be disregarded.
Furthermore, a source term J̄Q for the full QCD can now

be written in terms of Qv
� as

J̄Q≡ J̄vJ HQETQvþ ¼ J̄v
�
1þ 1

iv ·Dþ 2mQ
iD⊥

�
Qvþ

¼ J̄v
�
1þ Π−

�
iD
2mQ

−
DD
4m2

Q
þ � � �

��
Qvþ; ð12Þ

where Jv ¼ eimQv·xJ.
Identifying the coefficients J n in the current J HQET ¼

1þ Π−
P

n¼1 J n=ð2mQÞn with the expansion above we
get, up to second order [16]

J 1 ¼ iD; ð13Þ

J 2 ¼ −DD: ð14Þ

The conjugate is defined as

Λb → Λ�
c AT 1=m2
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J̄ n ≡ γ0J⃖ †
nγ

0; ð15Þ

with J⃖ (J⃗ ) indicating the action of the derivatives to the
left and right, respectively.
In this study, we focus on the computation of matrix

elements for hadrons undergoing a b → c transition
(Hb → Hc). The QCD matrix elements are denoted as

hHcjc̄ΓbjHbi, where Γ represents a generic Dirac matrix.
The states jHci and jHbi correspond to the QCD baryon
states and are normalized as:

hHbðcÞðp0ÞjHbðcÞðpÞi ¼ 2p0ð2πÞ3δð3Þðp⃗ − p⃗0Þ: ð16Þ

The matching onto HQET up to second order is [16]

hHcjc̄ΓbjHbiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimHc
mHb

p ≃ hHv0
c jc̄v0þΓbvþjHv

bi þ
1

2mc
hHv0

c jðc̄v0þJ̄ 0
1 þ L0

1∘cv0þÞΓbvþjHv
bi

þ 1

2mb
hHv0

c jc̄v0þΓðJ 1bvþ þ bvþ∘L1ÞjHv
bi

þ 1

4m2
c
hHv0

c j
�
c̄v

0
þJ̄ 0

2Π0
− þ L0

2∘c̄v0þ þ L0
1∘c̄v0þJ̄ 0

1Π0
− þ 1

2
L0
1∘L0

1∘c̄v0þ
�
ΓbvþjHv

bi

þ 1

4m2
b

hHv0
c jc̄v0þΓ

�
Π−J 2bvþ þ bvþ∘L2 þ Π−J 1bvþ∘L1 þ

1

2
bvþ∘L1∘L1

�
jHv

bi

þ 1

4mcmb
hHv0

c jðc̄v0þJ̄ 0
1 þ L0

1∘c̄v0þÞΓðJ 1bvþ þ bvþ∘L1ÞjHv
bi; ð17Þ

where bvþ and cv
0

þ are the large components of the quark
fields. We adopt the convention where terms involving
the c-quark are denoted with primes, while those involving
the b-quark remain unprimed. The matrix elements on the
right-hand side are evaluated on the HQET states, which
are defined as the eigenstates of L0 and normalized as
follows:

hHv0 ðp0ÞjHvðpÞi ¼ 2v0δvv0 ð2πÞ3δð3Þðp⃗ − p⃗0Þ: ð18Þ

Nonlocal terms, arising from the operator product with
the HQET Lagrangian, emerge from the matching pro-
cedure, because the states in the full theory differ from
those in the effective theory, as highlighted in [29]. Here,
following [16] the ∘ symbol denotes such an operator
product; for example, when we write above the term
L0
1∘c̄v0þðzÞ, this means

L0
1∘c̄v0þðzÞ ¼ i

Z
d4xL0

1ðxÞc̄v
0

þðzÞ:

III. NEXT-TO-LEADING ORDER CORRECTIONS
TO Λb → Λ�

c WARM-UP

In this section we rederive the baryon matrix elements
for the transition Λb → Λ�

c employing the HQE Eq. (17) up
to Oðαs; 1=mb;cÞ.
Apart from computing the vector and axial current

matrix elements that were already presented in [33], we

also perform a determination of the tensor and pseudoten-
sor current matrix elements. Furthermore, we consider the
effects of the chromomagnetic operator Lmag that were
neglected in [33].
Starting from Eq. (17), the hadronic matrix in the HQE

can be written at leading order (LO) as

hΛ�
cðk; η; scÞjc̄v0þΓbvþjΛbðp; sbÞi
¼

ffiffiffi
4

p
ūαðmΛ�

c
v0; η; scÞΓuðmΛb

v; sbÞζαðwÞ; ð19Þ

where w≡ v · v0 ¼ ðm2
Λb

þm2
Λ�
c
− q2Þ=ð2mΛb

mΛ�
c
Þ, v and

v0 are the four-velocities of the initial and final states,
respectively, and Γ denotes a given Dirac structure.
Following [43], the light-state transition amplitude ζαðwÞ
can be written as

ζαðwÞ ¼ ζðwÞðv − v0Þα: ð20Þ

Therefore, at leading order in the HQE all the form factors
can be expressed in terms of the single amplitude ζðwÞ,
independently from the Dirac structure of the current.
The local 1=m corrections to the current induce a shift

that we can account for by operating the following
substitution:

Γμ → Γμ þ εbΔJ
μ
Γ þ εcΔJ̄

μ
Γ; ð21Þ

where εb;c ¼ 1=ð2mb;cÞ are the HQE parameters and
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ΔJμΓ ¼ c̄v
0

þΓμJ 1bvþ; ð22Þ

ΔJ̄μΓ ¼ c̄v
0

þJ̄ 1Γμbvþ: ð23Þ

The hadronic matrix elements of ΔJμΓ and ΔJ̄μΓ can be
parametrized as

hΛ�
cðk; η; scÞjΔJμΓjΛbðp; sbÞi

¼
ffiffiffi
4

p
ūαðmΛ�

c
v0; η; scÞΓμγβuðmΛb

v; sbÞζαβb ðwÞ; ð24Þ

hΛ�
cðk; η; scÞjΔJ̄μΓjΛbðp; sbÞi

¼
ffiffiffi
4

p
ūαðmΛ�

c
v0; η; scÞγβΓμuðmΛb

v; sbÞζαβc ðwÞ; ð25Þ

where the most general decomposition of the light-state
transition amplitude is

ζαβðqÞðwÞ ¼ ðv − v0Þα½ζðqÞ1 ðwÞvβ þ ζðqÞ2 ðwÞv0β� þ gαβζðqÞ3 ðwÞ:
ð26Þ

At this stage the 1=m corrections are described by six
subleading Isgur-Wise (IW) functions; however, they can
be related via the equations of motion. In particular, we
have that vβζ

αβ
ðbÞ ¼ 0 and v0βζ

αβ
ðcÞ ¼ 0. This leads to the

following relations:

ζðbÞ1 ðwÞ þ wζðbÞ2 ðwÞ þ ζðbÞ3 ðwÞ ¼ 0; ð27Þ

wζðcÞ1 ðwÞ þ ζðcÞ2 ðwÞ ¼ 0: ð28Þ

Furthermore, from the modified Ward identity [16,33]

i∂α½Q̄v0þΓQvþ� ¼ Q̄v0þiD⃖αΓQvþ þ Q̄v0þΓiDαQvþ; ð29Þ

we recover the following relations among leading and
subleading IW functions:

ζðbÞ1 ðwÞ þ ζðcÞ1 ðwÞ ¼ Λ̄ζðwÞ; ð30Þ

ζðbÞ2 ðwÞ þ ζðcÞ2 ðwÞ ¼ −Λ̄0ζðwÞ; ð31Þ

ζðbÞ3 ðwÞ þ ζðcÞ3 ðwÞ ¼ 0; ð32Þ

where the important parameters Λ̄ and Λ̄0 represent the
difference between the mass of the baryon states and that of
the heavy quark at leading order in HQE:

Λ̄ ¼ mΛb
−mb;

Λ̄0 ¼ mΛ�
c
−mc: ð33Þ

Since the phase factor in Eq. (5) effectively removes the
mass of the heavy quark mQ from the states, these para-
meters control the spacetime dependence of the HQET
states, as discussed in [29,30]. The relations above reduce
the initial six subleading IW functions to one independent
subleading IW function. Inspired by [33], we choose to

express all in terms of ζ and ζSL ≡ ζðbÞ3 ¼ −ζðcÞ3 :

ζðbÞ1 ¼ −
ζSL

1 − w2
þ wζ
1 − w2

ðΛ̄0 − Λ̄wÞ; ζðbÞ2 ¼ þ wζSL
1 − w2

−
ζ

1 − w2
ðΛ̄0 − Λ̄wÞ;

ζðcÞ1 ¼ þ ζSL
1 − w2

−
ζ

1 − w2
ðwΛ̄0 − Λ̄Þ; ζðcÞ2 ¼ −

wζSL
1 − w2

þ wζ
1 − w2

ðwΛ̄0 − Λ̄Þ: ð34Þ

The relations among the IW functions, obtained via the
equations of motions and the modified Ward identity, are
singular at w ¼ 1. In fact, for w ¼ 1 we need to use,
instead, the relation

ζSL þ ζðΛ̄ − Λ̄0Þ ¼ 0: ð35Þ

This equation permits one to verify that the HQE form
factors obey, up to second order, the end-point relations
reported in [44,45].
Before going into the details of the matrix element

calculations, it is worth mentioning that we have cross-
checked the outcomes presented in Ref. [33] pertaining to
both the axial and vector form factors. Furthermore, our
findings coincide with the results presented in [34],
including the tensor and pseudotensor form factors up to

the next-to-leading order in the HQE as well as the
chromomagnetic contributions. We note that in [34] the
authors employed the form factor basis introduced in [32]
with ζ and ζðcÞ1 chosen to be independent IW functions.
We are now ready to investigate the implications stem-

ming from the nonlocal 1=m corrections and the hard gluon
exchange.

A. Vector and axial current matrix elements

To include both local 1=m and αs corrections to the vector
current matrix element, we use the approach introduced in
Ref. [33], employing the following substitution:

γμ → JμV ¼ C1ðwÞγμ þ C2ðwÞvμ þ C3ðwÞv0μ
þ ΔJμV þ ΔJ̄μV þOðαs=m; 1=m2Þ: ð36Þ

Λb → Λ�
c AT 1=m2
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The corrections ΔJμV are given by eqs. (22) and (23), where
Γμ ¼ γμ and Ci are the Wilson coefficients obtained by
matching theHQET toQCDat the energy scaleμ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

mcmb
p

[34]. TheWilson coefficients depend onw ¼ v · v0, which is
the recoil parameter. The expression for the Wilson coef-
ficientsCi up toOðαsÞ can be found in [15]. In our notation,
the Wilson coefficients are related to those in Ref. [15] by
Ci ¼ α̂sCVi

þ δi1, where α̂s ¼ αs=π.

In Eq. (36) we consider only the local power corrections
ΔJμV and ΔJ̄μV . Other 1=m local operators arise in the
HQE from QCD hard corrections and then contribute at
the order αs=m. Since they are beyond the precision we
aim for in the analysis proposed in this work, we
neglect them.
From Eq. (24) we reobtain the following contributions

already present in [33]:

hΛ�
cðk; η; scÞjΔJVμjΛbðp; sbÞi ¼ 2ūαðmΛ�

c
v0; η; scÞγμuðmΛb

v; sbÞvα
�
ζðbÞ1 ðwÞ − ζðbÞ2 ðwÞ�

þ 4ūαðmΛ�
c
v0; η; scÞuðmΛb

v; sbÞvαv0μζðbÞ2 ðwÞ
þ 2ūαðmΛ�

c
v0; η; scÞγμγαuðmΛb

v; sbÞζðbÞ3 ðwÞ;
hΛ�

cðk; η; scÞjΔJ̄μV jΛbðp; sbÞi ¼ 2ūαðmΛ�
c
v0; η; scÞγμuðmΛb

v; sbÞvα
�
ζðcÞ2 ðwÞ − ζðcÞ1 ðwÞ�

þ 4ūαðmΛ�
c
v0; η; scÞuðmΛb

v; sbÞvαvμζðcÞ1 ðwÞ
þ 2ūαðmΛ�

c
v0; η; scÞγαγμuðmΛb

v; sbÞζðcÞ3 ðwÞ: ð37Þ

The same procedure is applied to the axial-vector current yielding [33]

γμγ5 → JμA ¼ Cð5Þ
1 ðwÞγμγ5 þ Cð5Þ

2 ðwÞvμγ5 þ Cð5Þ
3 ðwÞv0μγ5 þ ΔJμA þ ΔJ̄μA þOðαs=m; 1=m2Þ: ð38Þ

The Wilson coefficients C5
i are related to those reported in [15] by C5

i ¼ α̂sCAi
þ δi1. The 1=m pure current corrections

ΔJμA and ΔJ̄μA can be computed from Eq. (24) with Γμ ¼ γμγ5. We obtain

hΛ�
cðk; η; scÞjΔJμAjΛbðp; sbÞi ¼ 2ūαðmΛ�

c
v0; η; scÞγμγ5uðmΛb

v; sbÞvα
�
ζðbÞ1 ðwÞ þ ζðbÞ2 ðwÞ�

− 4ūαðmΛ�
c
v0; η; scÞγ5uðmΛb

v; sbÞvαv0μζðbÞ2 ðwÞ
þ 2ūαðmΛ�

c
v0; η; scÞγμγ5γαuðmΛb

v; sbÞζðbÞ3 ðwÞ;
hΛ�

cðk; η; scÞjΔJ̄μAjΛbðp; sbÞi ¼ 2ūαðmΛ�
c
v0; η; scÞγμγ5uðmΛb

v; sbÞvα
�
ζðcÞ1 ðwÞ þ ζðcÞ2 ðwÞ�

þ 4ūαðmΛ�
c
v0; η; scÞγ5uðmΛb

v; sbÞvαvμζðcÞ1 ðwÞ
þ 2ūαðmΛ�

c
v0; η; scÞγαγμγ5uðmΛb

v; sbÞζðcÞ3 ðwÞ: ð39Þ

Besides the contributions from local operators describing
the corrections to the infinite mass limit of the heavy quark
(HQ) currents, also the effects from nonlocal insertions of
the HQET Lagrangian at power 1=m in the HQ currents
need to be included.
Nonlocal insertions of the kinetic operator can be para-

metrized as

hΛ�
cðk; η; scÞjLkin∘c̄v0þΓbvþjΛbðp; sbÞi
¼

ffiffiffi
4

p
ηðbÞkinðwÞvαūαðmΛ�

c
v0; η; scÞΓuðmΛb

v; sbÞ; ð40Þ

hΛ�
cðk; η; scÞjL0

kin∘c̄v0þΓbvþjΛbðp; sbÞi
¼

ffiffiffi
4

p
ηðcÞkinðwÞvαūαðmΛ�

c
v0; η; scÞΓuðmΛb

v; sbÞ; ð41Þ

with Γ ¼ γμ; γμγ5.

Clearly, they give rise to a w-dependent shift ηðb;cÞkin ðwÞ to
the leading-power IW function ζðwÞ. At order Oðαs; 1=mÞ
we can absorb this shift into the definition of ζ:

ζðwÞ þ εcη
ðcÞ
kinðwÞ þ εbη

ðbÞ
kinðwÞ → ζðwÞ: ð42Þ

Nevertheless, as stressed in [15,32], the above redefini-
tion leads to corrections of order 1=m2, which we need to
take into account if we aim to explore the second order of
the HQE.
Nonlocal insertion of the chromomagnetic operator gives

two contributions which are
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hΛ�
cðk; η; scÞjLmag∘c̄v0þΓbvþjΛbðp; sbÞi
¼ ηðbÞmagðwÞgμαv0νūαðmΛ�

c
v0; η; scÞΓΠþiσμνuðmΛb

v; sbÞ;
ð43Þ

hΛ�
cðk; η; scÞjL0

mag∘c̄v0þΓbvþjΛbðp; sbÞi
¼ ηðcÞmagðwÞgμαvνūαðmΛ�

c
v0; η; scÞiσμνΠ0þΓuðmΛb

v; sbÞ:
ð44Þ

The chromomagnetic correction to the b vector current is
given by

εbη
ðbÞ
magðwÞ

	
2ðw − 1Þūαgμαu − ðw − 1Þūαγαγμuþ 2ūαγαv0μu

− 2ūαvαv0μuþ ūJαvαγμu


: ð45Þ

Analogously, the chromomagnetic correction to the c
vector current is given by

εcη
ðcÞ
magðwÞ

	ð1−wÞūαγαγμu−2ūαγαvμuþ ūJαvαγμu


: ð46Þ

The chromomagnetic correction to the b and c axial
currents are, respectively,

εbη
ðbÞ
magðwÞ

�
−2ð1þ wÞūαgμαγ5uþ ð1þ wÞūαγαγμγ5u

þ 2ūαγαv0μγ5uþ 2ūJαvαv0μγ5u − ūJαvαγμγ5u
�
; ð47Þ

εcη
ðcÞ
magðwÞ

	
−ðwþ1Þūαγαγμγ5u−2ūαγαvμγ5uþ ūJαvαγμγ5u



:

ð48Þ

Here we went beyond the result of [33] with respect to
the determination of the nonlocal magnetic contributions
which, however, in another basis were determined in [34].

B. Vector and axial form factors in the VC limit

By virtue of the identity vαð1þ vÞσαβð1þ vÞ ¼ 0 the
chromomagnetic correction is zero in the exact zero recoil
limit (w ¼ 1) and, as argued in [46–48], is expected to be
numerically small with respect to the local current correc-
tions. Then, as a first approximation, the computation of the
form factors can be performed by considering the VC limit
(as also motivated in [16,31,32]) in which we set the field
strength Gαβ ¼ 0 and the chromomagnetic correction
results automatically to zero.
Furthermore, at order Oð1=mÞ, the correction to the

leading-order HQ amplitude deriving from the insertion of
the kinetic Lagrangian can be reabsorbed through a redefi-
nition of the IW function ζ. Since we aim at extending the
HQE to order 1=m2

c, we must take into account the con-
tribution to Oð1=mcÞ of the kinetic operator, whereas the
Oð1=mbÞ kinetic operator contribution can still be reabsorbed
into the definition of the leading IW function ζ because
otherwise it appears at order 1=m2

b that is neglected here.
To the order we are working here theoretical consistency

requires us to use directly the quark masses in the HQE for
the form factors rather than approximate them by the
baryon masses while still agreeing with the result of [33]
valid to the next leading order. Nevertheless, we have also
explicitly checked the results against the case in which the
baryon masses are used also in the HQE as we shall discuss
in the section about the results.
Concerning the final state Λcð2595Þþ for the vector

current the form factors are

f1=2;0 ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
þmΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkins−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ; ð49Þ

f1=2;t ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
−mΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkinsþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ; ð50Þ
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f1=2;⊥ ¼ C1ζs−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 þ εb

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− Λ̄0ζ
�

þ εc

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
Λ̄ζ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkins−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ; ð51Þ

while for the axial form factors we obtain

g1=2;0 ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

C5
2s−

2mΛb
ðmΛb

−mΛ�
c
Þ −

C5
3s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkinsþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ; ð52Þ

g1=2;t ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 þ

C5
2sþ

2mΛb
ðmΛb

þmΛ�
c
Þ þ

C5
3sþ

2mΛ�
c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkins−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ; ð53Þ

g1=2;⊥ ¼ C5
1ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 þ εb

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− ζΛ̄0
�

þ εc

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ηðcÞkinsþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 : ð54Þ

Considering the final state Λcð2625Þþ, the vector form factors are

F1=2;0 ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
þmΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ

ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 εcη

ðcÞ
kin; ð55Þ

F1=2;t ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

mΛ�
c
ðm2

Λb
−m2

Λ�
c
þ q2Þ

2ðmΛb
−mΛ�

c
ÞmΛb

mΛ�
c

C2 þ
mΛb

ðm2
Λb

−m2
Λ�
c
− q2Þ

2ðmΛb
−mΛ�

c
ÞmΛb

mΛ�
c

C3

�

þ εb
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ

ffiffiffiffiffi
s−

p
sþ

2ðmΛb
mΛ�

c
Þ3=2 εcη

ðcÞ
kin; ð56Þ
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F1=2;⊥ ¼ ζ
ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 C1 þ εbζ

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�Λ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− Λ̄0
�

þ εc

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þ ζSL − ζ

Λ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ

ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 εcη

ðcÞ
kin; ð57Þ

F3=2;⊥ ¼ −εb
ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p ζSL; ð58Þ

while the axial form factors read as

G1=2;0 ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

C5
2s−

2mΛb
ðmΛb

−mΛ�
c
Þ −

C5
3s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ffiffiffiffiffi
s−

p
sþ

2ðmΛb
mΛ�

c
Þ3=2 η

ðcÞ
kin; ð59Þ

G1=2;t ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

ðm2
Λb

−m2
Λ�
c
þ q2Þ

2ðmΛb
þmΛ�

c
ÞmΛb

C5
2 −

ðm2
Λb

−m2
Λ�
c
− q2Þ

2ðmΛb
þmΛ�

c
ÞmΛ�

c

C5
3

�

þ εb
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 η

ðcÞ
kin; ð60Þ

G1=2;⊥ ¼ ζ
ffiffiffiffiffi
s−

p
sþ

2ðmΛb
mΛ�

c
Þ3=2 C

5
1 þ εbζ

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�Λ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− Λ̄0
�

þ εc

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þ ζSL − ζ

Λ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�
þ εc

ffiffiffiffiffi
s−

p
sþ

2ðmΛb
mΛ�

c
Þ3=2 η

ðcÞ
kin; ð61Þ

G3=2;⊥ ¼ −εb
ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p ζSL: ð62Þ

C. The chromomagnetic corrections
for vector and axial form factors

The contributions of the chromomagnetic operators
result in the following shifts to the form factors reported
in Sec. III B:

fmag
1=2;0 ¼

s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
εbη

ðbÞ
mag − εcη

ðcÞ
mag

�
; ð63Þ

fmag
1=2;t ¼

sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
εbη

ðbÞ
mag − εcη

ðcÞ
mag

�
; ð64Þ

fmag
1=2;⊥ ¼ −

s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð65Þ

for the vector form factors, while for the axial-vector form
factors we obtain

gmag
1=2;0 ¼

sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
−εbη

ðbÞ
mag − εcη

ðcÞ
mag

�
; ð66Þ

gmag
1=2;t ¼

s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
−εbη

ðbÞ
mag − εcη

ðcÞ
mag

�
; ð67Þ

gmag
1=2;⊥ ¼ −

sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag: ð68Þ

Concerning the Λcð2625Þþ final state, the contributions
of the chromomagnetic operator to the form factors are

Fmag
1=2;0 ¼

s−
ffiffiffiffiffi
sþ

p
4ðmΛb

mΛ�
c
Þ3=2

�
−εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð69Þ

Λb → Λ�
c AT 1=m2
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Fmag
1=2;t ¼

sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2

�
−εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð70Þ

Fmag
1=2;⊥ ¼ s−

ffiffiffiffiffi
sþ

p
4ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð71Þ

Fmag
3=2;⊥ ¼ −

s−
ffiffiffiffiffi
sþ

p
4ðmΛb

mΛ�
c
Þ3=2 εbη

ðbÞ
mag; ð72Þ

while for the axial-vector form factor we obtain

Gmag
1=2;0 ¼

sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2

�
εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð73Þ

Gmag
1=2;t ¼

s−
ffiffiffiffiffi
sþ

p
4ðmΛb

mΛ�
c
Þ3=2

�
εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð74Þ

Gmag
1=2;⊥ ¼ sþ

ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð75Þ

Gmag
3=2;⊥ ¼ −

sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 εbη

ðbÞ
mag: ð76Þ

D. Tensor and pseudotensor current matrix elements

Wenowobtain the tensor and pseudotensor currentmatrix
elements by replacing Γ with iσμνqν; iσμνqνγ5 in Eq. (19):

ffiffiffi
4

p
ζðwÞ�−ðmΛb

þmΛ�
c
ÞūαγμvαuþmΛb

ūαvμvαuþmΛ�
c
Þūαv0μvαu

�
; ð77Þ

ffiffiffi
4

p
ζðwÞ�ðmΛb

−mΛ�
c
Þūαγμvαγ5uþmΛb

ūαvμvαγ5uþmΛ�
c
Þūαv0μvαγ5u

�
: ð78Þ

To include 1=m and αs corrections to the tensor current matrix element, we consider the operator shift

iσμνqν → CT1
ðwÞiσμνqν þ CT2

ðwÞðv · qγμ − vμqÞ þ CT3
ðwÞðv0 · qγμ − v0μqÞ

þ CT4
ðwÞðv0μv · q − vμv0 · qÞ þ ΔJμT þ ΔJ̄μT þOðαs=m; 1=m2Þ: ð79Þ

Our definition of the CTi
coefficients is related to the one given in [15] by the following substitutions: α̂sCTi

þ δi1 → CTi

and iα̂sCT4
→ CT4

. From Eq. (19) we find the leading-order hadronic matrix element including the short-distance QCD
corrections:

2ζðwÞūαvαγμu
	
−CT1

ðmΛb
þmΛ�

c
Þ þ CT2

ðmΛb
−mΛ�

c
wÞ þ CT3

ðwmΛb
−mΛ�

c
Þ


þ 2ζðwÞūαvαvμu
	
CT1

mΛb
þ CT2

ðmΛ�
c
−mΛb

Þ þ CT4
ðmΛ�

c
− wmΛb

Þ

þ 2ζðwÞūαvαv0μu

	
CT1

mΛ�
c
þ CT3

ðmΛ�
c
−mΛb

Þ þ CT4
ðmΛb

− wmΛ�
c
Þ
: ð80Þ

We consider only the local power corrections ΔJμT and ΔJ̄μT derived from Eq. (24) with Γμ ¼ iσμνqν. The other local
operators of the tensor current contribute at order αs=m, which goes beyond the precision we are aiming to achieve here. The
hadronic matrix elements of ΔJμT and ΔJ̄μT can be written as follows:

hΛ�
cðk; η; scÞjΔJμT jΛbðp; sbÞi ¼ 4ūαgμαuðmΛb

−mΛ�
c
ÞζðbÞ3 þ 2ūαγαγμuðmΛ�

c
−mΛb

ÞζðbÞ3

þ 2ūαγαvμumΛb
ζðbÞ3 þ 2ūαγαv0μumΛ�

c
ζðbÞ3

þ ūαvαγμu

�
−4mΛb

ζðbÞ3 − 2ðmΛb
þmΛ�

c
ÞζðbÞ1 þ 2

�−m2
Λb

−mΛb
mΛ�

c
þ q2

mΛ�
c

ζðbÞ2

��

þ 2ūαvαvμumΛb
ðζðbÞ1 þ ζðbÞ2 Þ þ ūαvαv0μu

	
2mΛ�

c
ζðbÞ1 þ ð4mΛb

− 2mΛ�
c
ÞζðbÞ2



; ð81Þ

hΛ�
cðk; η; scÞjΔJ̄μT jΛbðp; sbÞi ¼ 2ūαγαγμuðmΛ�

c
−mΛb

ÞζðcÞ3 þ 2ūαγαvμumΛb
ζðcÞ3

þ 2ūαγαv0μumΛ�
c
ζðcÞ3 þ ūαvαγμu

�
−2ðmΛb

þmΛ�
c
ÞζðcÞ2 þ 2

�−m2
Λ�
c
−mΛb

mΛ�
c
þ q2

mΛb

�
ζðcÞ1

�

þ ūαvαvμu
	ð4mΛ�

c
− 2mΛb

ÞζðcÞ1 þ 2mΛb
ζðcÞ2


þ 2ūαvαv0μumΛ�
c
ðζðcÞ1 þ ζðcÞ2 Þ: ð82Þ

The short-distance corrections to the pseudotensor current are related to those of the tensor current via the identity
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σμνγ5 ¼
i
2
εμνρσσ

ρσ: ð83Þ

We get

iσμνqνγ5 → CT1
ðwÞiσμνqνγ5 −

1

2
εμνρσqνiCT2

ðwÞðvργσ − vσγρÞ

−
1

2
εμνρσqνiCT3

ðwÞðv0ργσ − v0σγρÞ − 1

2
εμνρσqνCT4

ðwÞðv0ρvσ − v0σvρÞ: ð84Þ

The hadronic matrix element of the short-distance corrections become

2ζðwÞCT1

	ðmΛb
−mΛ�

c
Þūαvαγμγ5uþmΛb

ūαvαvμγ5uþmΛ�
c
ūαvαv0μγ5u



þ 2iζðwÞCT2

ūαvαεμνρσkνvργσuþ 2iζðwÞCT3
ūαvαεμνρσpνv0σγρu: ð85Þ

From Eq. (24) with Γμ ¼ iσμνqνγ5 we obtain the hadronic matrix elements of ΔJμT5 and ΔJ̄μT5:

hΛ�
cðk; η; scÞjΔJμT5jΛbðp; sbÞi ¼ 4ūαgμαγ5uðmΛb

þmΛ�
c
ÞζðbÞ3 − 2ūαγαγμγ5uðmΛ�

c
þmΛb

ÞζðbÞ3

− 2ūαγαγ5vμumΛb
ζðbÞ3 − 2ūαγαγ5v0μumΛ�

c
ζðbÞ3

þ ūαvαγμγ5u

�
4mΛb

ζðbÞ3 þ 2ðmΛb
−mΛ�

c
ÞζðbÞ1 þ 2

�
m2

Λb
−mΛb

mΛ�
c
− q2

mΛ�
c

ζðbÞ2

��

þ 2ūαvαvμγ5umΛb
ðζðbÞ1 − ζðbÞ2 Þ þ ūαvαv0μγ5u

	
2mΛ�

c
ζðbÞ1 þ ð4mΛb

þ 2mΛ�
c
ÞζðbÞ2



; ð86Þ

hΛ�
cðk; η; scÞjΔJ̄μT5jΛbðp; sbÞi ¼ 2ūαγαγμγ5uðmΛ�

c
þmΛb

ÞζðcÞ3 þ 2ūαγαvμγ5umΛb
ζðcÞ3

þ 2ūαγαv0μγ5umΛ�
c
ζðcÞ3 þ ūαvαγμγ5u

�
2ðmΛb

−mΛ�
c
ÞζðcÞ2 þ 2

�−m2
Λ�
c
þmΛb

mΛ�
c
þ q2

mΛb

�
ζðcÞ1

�

þ ūαvαvμγ5u
	ð4mΛ�

c
þ 2mΛb

ÞζðcÞ1 þ 2mΛb
ζðcÞ2


þ 2ūαvαv0μγ5umΛ�
c
ðζðcÞ2 − ζðcÞ1 Þ: ð87Þ

Nonlocal insertions of the kinetic operator can be parametrized as

hΛ�
cðk; η; scÞjLkin∘c̄v0þΓbvþjΛbðp; sbÞi ¼

ffiffiffi
4

p
ηðbÞkinðwÞvαūαðmΛ�

c
v0; η; scÞΓuðmΛb

v; sbÞ; ð88Þ

hΛ�
cðk; η; scÞjL0

kin∘c̄v0þΓbvþjΛbðp; sbÞi ¼
ffiffiffi
4

p
ηðcÞkinðwÞvαūαðmΛ�

c
v0; η; scÞΓuðmΛb

v; sbÞ; ð89Þ

with Γ ¼ iσμνqν; iσμνqνγ5. The above corresponds to a w-dependent shift ηkinðwÞ with the same Dirac structure of the tree-
level leading-order IW function ζðwÞ. At orderOð1=mÞ we can again absorb it by redefining the leading-order IW function
ζðwÞ, yet at Oð1=m2Þ we must retain it.
The chromomagnetic correction to the b tensor current can be parametrized as in Eq. (43) with Γ ¼ iσρσqσ and yields

εbη
ðbÞ
magðwÞ

�
2ð1 − wÞðmΛb

þmΛ�
c
Þūαgαρuþ ð1 − wÞðmΛb

þmΛ�
c
Þūαγαγρu

− ðmΛb
þmΛ�

c
ÞūαvαγρuþmΛb

ðwþ 1Þūαγαvρu
þ 	

mΛ�
c
ðw − 1Þ − 2mΛb



ūαγαv0ρu −mΛb

ūαvαvρuþ ð2mΛb
þmΛ�

c
Þūαvαv0ρu

�
: ð90Þ

Analogously from Eq. (44) with Γ ¼ iσρσqσ we obtain the chromomagnetic correction to the c tensor current:

εcη
ðcÞ
magðwÞ

�ðw−1ÞðmΛb
þmΛ�

c
Þūαγαγρu−ðmΛb

þmΛ�
c
Þūαvαγρuþ½mΛb

ð−wþ1Þþ2mΛ�
c



ūαγαvρu

−mΛ�
c
ðwþ1Þūαγαv0ρuþmΛb

ūαvαvρuþmΛ�
c
ūαvαv0ρu

�
: ð91Þ

Λb → Λ�
c AT 1=m2
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By imposing Γ ¼ iσρσγ5qσ in Eqs. (43) and (44), we obtain that the chromomagnetic correction to the b and c
pseudotensor currents is. respectively. given by

εbη
ðbÞ
magðwÞ

�
−2ðwþ 1ÞðmΛb

−mΛ�
c
Þūαgαργ5uþ ðwþ 1ÞðmΛb

−mΛ�
c
Þ; ūαγαγργ5u

þ ð−mΛb
þmΛ�

c
Þūαvαγργ5uþmΛb

ð−wþ 1Þūαγαvργ5uþ 	
−mΛ�

c
ðwþ 1Þ þ 2mΛb



ūαγαv0ργ5u

þmΛb
ūαvαvργ5uþ ð2mΛb

−mΛ�
c
Þūαvαv0ργ5u

�
; ð92Þ

εcη
ðcÞ
magðwÞ

�
−ðwþ 1ÞðmΛb

−mΛ�
c
Þūαγαγργ5uþ ðmΛb

−mΛ�
c
Þūαvαγργ5uþ 	

−mΛb
ðwþ 1Þ þ 2mΛ�

c



ūαγαvργ5u

−mΛ�
c
ðw − 1Þūαγαv0ργ5uþmΛb

ūαvαvργ5uþmΛ�
c
ūαvαv0ργ5u

�
: ð93Þ

As expected, at zero recoil the chromomagnetic corrections vanish for each current.

E. Tensor and pseudotensor form factors in the VC limit

In the following we list the expressions of the QCD form factors obtained from the matching on the HQE on-shell
amplitudes in the VC limit. As we have already done for vector and axial current form factors, we explicitly report the
kinetic operator contribution Oð1=mcÞ.
Concerning the Λcð2595Þþ final state we find for the tensor form factors

t1=2;0 ¼
ζmΛ�

c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2

�
CT1

− CT2
þ CT3

−
CT4

sþ
2mΛb

mΛ�
c

�
þ εb

mΛ�
c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

mΛb
mΛ�

c

− 2ζΛ̄0 þ 4ζSL

�

þ εc
mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
2ζΛ̄ − 4ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ εc

ηðcÞkinmΛ�
c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 ; ð94Þ

t1=2;⊥ ¼ ζs−
ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

mΛ�
c

mΛb
mΛ�

c

þ CT2
ð−m2

Λb
þm2

Λ�
c
− q2Þ

2m2
Λb
ðmΛb

þmΛ�
c
Þ −

CT3
ðm2

Λb
−m2

Λ�
c
− q2Þ

2ðmΛb
þmΛ�

c
ÞmΛb

mΛ�
c

�

þ εb
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄0 −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p
mΛ�

c
ðmΛb

−mΛ�
c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄ − 4ζSL −

Λ̄0ζðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ εc

ηðcÞkinmΛ�
c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 ; ð95Þ

while for the pseudotensor form factors the matching gives

t51=2;0 ¼
CT1

ζmΛ�
c

ffiffiffiffiffi
s−

p
sþ

ðmΛb
mΛ�

c
Þ3=2 þ εb

mΛ�
c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

mΛb
mΛ�

c

− 2ζΛ̄0 − 4ζSL

�

þεc
mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
2ζΛ̄ − 4ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ εc

ηðcÞkinmΛ�
c

ffiffiffiffiffi
s−

p
sþ

ðmΛb
mΛ�

c
Þ3=2 ; ð96Þ

t51=2;⊥ ¼ ζ
ffiffiffiffiffi
s−

p
sþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

mΛ�
c

mΛb
mΛ�

c

−
CT2

s−
2m2

Λb
ðmΛb

−mΛ�
c
Þ −

CT3
s−

2ðmΛb
−mΛ�

c
ÞmΛb

mΛ�
c

�

þ εb
mΛ�

c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄0 −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�

þ εc
mΛ�

c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄ − 4ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ εc

ηðcÞkinmΛ�
c

ffiffiffiffiffi
s−

p
sþ

ðmΛb
mΛ�

c
Þ3=2 : ð97Þ

For the Λcð2625Þþ final state, the tensor form factors are
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T1=2;0 ¼ ζ
mΛ�

c

ffiffiffiffiffi
sþ

p
s−

ðmΛb
mΛ�

c
Þ3=2

�
CT1

− CT2
þ CT3

−
sþ

2mΛb
mΛ�

c

CT4

�

þ εb
2mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
−ζΛ̄0 − ζSL þ ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄
�

þ εc
2mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þ ζSL − ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄0
�
þ εc

mΛ�
c

ffiffiffiffiffi
sþ

p
s−

ðmΛb
mΛ�

c
Þ3=2 η

ðcÞ
kin; ð98Þ

T1=2;⊥ ¼ ζ

ffiffiffiffiffi
sþ

p
s−

mΛb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

−
m2

Λb
−m2

Λ�
c
þ q2

2mΛb
ðmΛb

þmΛ�
c
ÞCT2

−
m2

Λb
−m2

Λ�
c
− q2

2mΛ�
c
ðmΛb

þmΛ�
c
ÞCT3

�

þ εb
2mΛ�

c
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄
�

þ εc
2mΛ�

c
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL − ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄0
�
þ εc

mΛ�
c

ffiffiffiffiffi
sþ

p
s−

ðmΛb
mΛ�

c
Þ3=2 η

ðcÞ
kin; ð99Þ

T3=2;⊥ ¼ −εb
2ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ζSL; ð100Þ

while for the pseudotensor form factor

T5
1=2;0 ¼

ζmΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 CT1

þ εb
2mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζ
ðm2

Λb
þm2

Λ�
c
− q2ÞΛ̄

2mΛb
mΛ�

c

þ ζSL − ζΛ̄0
�

þ εb
2mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
−ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄0

2mΛb
mΛ�

c

þ ζSL þ ζΛ̄
�
þ εc

mΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 η

ðcÞ
kin; ð101Þ

T5
1=2;⊥ ¼ ζ

sþ
ffiffiffiffiffi
s−

p
mΛb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

−
s−

2mΛb
ðmΛb

−mΛ�
c
ÞCT2

−
s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb
2mΛ�

c
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄

2mΛb
mΛ�

c

�

þ εc
2mΛ�

c
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL − ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄0

2mΛb
mΛ�

c

�
þ εc

mΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 η

ðcÞ
kin; ð102Þ

T5
3=2;⊥ ¼ −εb

2ðmΛb
þmΛ�

c
Þ ffiffiffiffiffi

s−
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ζSL: ð103Þ

F. The chromomagnetic correction for tensor and
pseudotensor form factors

The contribution of the chromomagnetic operator results
in a shift to the form factors defined in Sec. III E.
Concerning the Λcð2595Þþ final state we find that the
contributions of the chromomagnetic operator to the tensor
form factors are

tmag
1=2;0 ¼

mΛ�
c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 ðεbη

ðbÞ
mag − εcη

ðcÞ
magÞ; ð104Þ

tmag
1=2;⊥ ¼ −

mΛ�
c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð105Þ

while for the pseudotensor form factors the matching gives

tmag 5
1=2;0 ¼ −

mΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 ðεbη

ðbÞ
mag þ εcη

ðcÞ
magÞ; ð106Þ

tmag 5
1=2;⊥ ¼ −

mΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag: ð107Þ

For the Λcð2625Þþ final state, the contributions of the
chromomagnetic operator to the tensor form factors are

Λb → Λ�
c AT 1=m2
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Tmag
1=2;0 ¼

mΛ�
c
s−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
−εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð108Þ

Tmag
1=2;⊥ ¼ mΛ�

c
s−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð109Þ

Tmag
3=2;⊥ ¼ ðmΛb

þmΛ�
c
Þs− ffiffiffiffiffi

sþ
p

2ðmΛb
mΛ�

c
Þ3=2 εbη

ðbÞ
mag; ð110Þ

while for the pseudotensor form factors we obtain

Tmag 5
1=2;0 ¼ mΛ�

c
sþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
εbη

ðbÞ
mag þ εcη

ðcÞ
mag

�
; ð111Þ

Tmag 5
1=2;⊥ ¼ mΛ�

c
sþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 εcη

ðcÞ
mag; ð112Þ

Tmag 5
3=2;⊥ ¼ ðmΛb

−mΛ�
c
Þsþ ffiffiffiffiffi

s−
p

2ðmΛb
mΛ�

c
Þ3=2 εbη

ðbÞ
mag: ð113Þ

The proportionality of the chromomagnetic induced
form factors with respect to s− guarantees that the ampli-
tudes vanish at zero recoil (e.g., w ¼ 1).
Summarizing this section, we obtained nonlocal chro-

momagnetic and (pseudo)tensor form factor contributions
that were absent in [33] but present in [34] expressed in a
different basis. We explicitly checked that our results
coincide with the ones of [34].

IV. NEXT-TO-NEXT-TO-LEADING ORDER
CORRECTIONS

When delving into corrections at the next-to-
next-to-leading order (NNLO) within the framework of
HQET, it is necessary to turn our attention to all the
Oð1=m2

b;c; 1=mbmcÞ terms. This is important to ensure a

comprehensive and accurate computation of the matrix
elements that contributes to the Λb → Λ�

c transition.
However, since the Oð1=m2

cÞ terms are numerically
favored with respect to Oð1=m2

bÞ and Oð1=mbmcÞ ones,
they are expected to give the major contribution to the
amplitudes, as also underlined in [33,34].
Furthermore, a comprehensive study of the complete

second-order correction would entail a larger number of
independent IW unknown parameters. Therefore, to extend
the analysis beyond the next-to-leading order while keep-
ing as few unconstrained parameters as possible, we limit
our calculations of the form factors to the Oð1=m2

cÞ terms.
In addition, we further simplify our study by employing
both the RC expansion and the VC limit. These two were
introduced in [16] in the context of the computation of the
second-order corrections to the mesonic B → Dð�Þ
transitions.
We now proceed to parametrize the matrix elements at

Oð1=m2
cÞ given in Eq. (17) which reads

hΛ�
cðk; η; scÞjc̄v0þJ̄ 0

2Π0
−ΓbvþjΛbðp; sbÞi

¼
ffiffiffi
4

p
ūμγαv0βΓuψαβμðv; v0Þ; ð114Þ

where

ψαβμðv; v0Þ ¼ ψ1ðwÞvμðvαv0β − vβv0αÞ
þ ψ2ðwÞðgαμvβ − gβμvαÞ
þ ψ3ðwÞðgαμv0β − gβμv0αÞ: ð115Þ

To determine L0
2∘c̄v0þΓbvþ we observe that the associated

terms given in Eq. (9) can be parametrized as the corre-
sponding kinetic and chromomagnetic corrections at
order Oð1=mcÞ:

hΛ�
cðk; η; scÞjc̄v0þvβDαGαβcv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼ ūμΓuλμðv; v0Þ;

hΛ�
cðk; η; scÞj − ic̄v

0
þvασβγDγGαβcv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼ ηðwÞgμαvβūμiσαβΠ0þΓu: ð116Þ

We then consider two times the insertion of the first-order Lagrangian L0
1∘L0

1∘c̄v0þΓbvþ and find

hΛ�
cðk; η; scÞjc̄v0þD2cv

0
þ∘c̄v0þD2cv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼ ūμΓuαμðv; v0Þ; ð117Þ

where

αμðv; v0Þ ¼ αðwÞðv − v0Þμ: ð118Þ

Then

hΛ�
cðk; η; scÞjc̄v0þσαβGαβcv

0
þ∘c̄v0þσγδGγδcv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼ ūμσαβΠ0þσγδΠ0þΓuα0αβγδμðv; v0Þ; ð119Þ

where
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α0αβγδμðv; v0Þ ¼ α01ðwÞðgαγgβδ − gαδgβγÞvμ þ α02ðwÞðgαγvβvδ − gβγvαvδ − gαδvβvγ þ gβδvαvγÞvμ
þ α03ðwÞðgαμgβδvγ − gβμgαδvγ þ gαγgβμvδ − gβγgαμvδ þ gμγgβδvα − gβγgμδvα þ gαγgμδvβ − gμγgαδvβÞ: ð120Þ

We arrive at

hΛ�
cðk; η; scÞjc̄v0þD2cv

0
þ∘c̄v0þσαβGαβcv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi

¼ α00ðwÞūμσαβΠ0þΓugαμvβ: ð121Þ

Turning our attention to L0
1∘c̄v0þJ̄ 0

1Π0
−Γbvþ we see that the

first term in L0
1 yields

hΛ�
cðk; η; scÞjc̄v0þD2cv

0
þ∘c̄v0þJ̄ 0

1Π0
−ΓbvþjΛbðp; sbÞi

¼ ūμγαΠ0
−Γuβμαðv; v0Þ; ð122Þ

where

βμαðv; v0Þ ¼ vμðβ1ðwÞvα þ β2v0αÞ þ β3ðwÞgμα: ð123Þ

The second term in L0
1 corresponds to

hΛ�
cðk; η; scÞjc̄v0þσαβGαβcv

0
þ∘c̄v0þJ̄ 0

1Π0
−ΓbvþjΛbðp; sbÞi

¼ ūμσαβΠ0þγνΠ0
−Γuβ0μαβνðv; v0Þ; ð124Þ

where

β0μαβνðv;v0Þ¼β01ðgαμgβν−gανgβμÞþβ02ðgαμvβ−gβμvαÞvν
þβ03ðgανvβ−gβνvαÞvμþβ04ðgαμvβ−gβμvαÞv0ν:

ð125Þ

We observe that there are initially 17 independent IW
functions. Nevertheless, as we consider the constraints
stemming from the equation of motion, as well as the

modified Ward identities, this number reduces to 15.
Moving forward, we now investigate the RC and VC
limits, where the number of independent IW functions
decreases to 3 and 2, respectively.

A. Residual chiral limit at Oð1=m2
c ;θ2Þ

The Residual chiral expansion, initially introduced
in [16], aims at establishing an additional power counting
besides the HQE one, identifying a subset of subdominant
contributions that can be neglected. In fact, as detailed
in [16], both experimental data and theoretical predictions
derived within specific quark models suggest that there
exists a hierarchy among the HQET matrix elements. This
hierarchy depends on the number of insertions of the cross
terms Q̄vþD⊥Qv

− and Q̄v
−D⊥Qvþ, which contain the trans-

verse derivative. Specifically, matrix elements with more
insertions of the transverse derivative are observed to be
suppressed when compared to those with fewer insertions.
Since the cross terms break the accidental Uð1Þþ × Uð1Þ−
symmetry of the kinetic Lagrangian L ¼ Q̄vþiv ·DQvþ þ
Q̄v

−iv ·DQv
− in Eq. (6) to a diagonal Uð1Þ, we can

systematically organize the perturbative HQ expansion
by power counting the number of insertions of the cross
operator, despite the absence of a small parameter for this
symmetry breaking. This is achieved through the substi-
tution iD⊥ → iθD⊥.
Building upon the insights presented in [16], the residual

chiral expansion effectively introduces a power counting
scheme where it is justified to retain Oðθ2Þ terms. Thus, at
Oð1=m2

c; θ2Þ Eq. (17) becomes

hHcjc̄ΓbjHbiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimHc
mHb

p ≃ hHv0
c jc̄v0þΓbvþjHv

bi þ
1

2mc
hHv0

c jðc̄v0þJ̄ 0
1 þ L0

1∘c̄v0þÞΓbvþjHv
bi þ

1

2mb
hHv0

c jc̄v0þΓðJ 1bvþ þ bvþ∘L1ÞjHv
bi

þ 1

4m2
c
hHv0

c jðc̄v0þJ̄ 0
2Π0

− þ L0
2∘c̄v0þÞΓbvþjHv

bi: ð126Þ

The second-order pure current correction can be written as

hΛ�
cðk; η; scÞjc̄v0þJ̄ 0

2Π0
−ΓbvþjΛbðp; sbÞi ¼ hΛ�

cðk; η; scÞjc̄v0þγαv0βGαβbvþjΛbðp; sbÞi
¼

ffiffiffi
4

p
ūμγαv0βΓuψαβμðv; v0Þ; ð127Þ

where the most general decomposition of the IW function ψαβμðv; v0Þ is

ψαβμðv; v0Þ ¼ ψ1ðwÞvμðvαv0β − vβv0αÞ þ ψ2ðwÞðgαμvβ − gβμvαÞ þ ψ3ðwÞðgαμv0β − gβμv0αÞ: ð128Þ

Λb → Λ�
c AT 1=m2
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(i) For the vector current Γ ¼ γμ Eq. (127) gives

4ψ1ūαvαvμu − 2ð1þ wÞψ1ūαvαγμuþ 2ðψ3 þ wψ2Þūαγαγμu; ð129Þ

(ii) For the axial current Γ ¼ γμγ5 Eq. (127) gives

4ψ1ūαvαvμγ5uþ 2ð1 − wÞψ1ūαvαγμγ5uþ 2ðψ3 þ wψ2Þūαγαγμγ5u; ð130Þ

(iii) For the tensor current Γ ¼ iσμνqν Eq. (127) gives

2ψ1ð1þ wÞðmΛb
−mΛ�

c
Þūαvαγμuþ ψ1

	
4mΛ�

c
− 2ð1þ wÞmΛb



ūαvαvμuþ 2ψ1ð1 − wÞmΛ�

c
ūαvαv0μu

þ 2ðψ3 þ wψ2Þ
	ðmΛ�

c
−mΛb

ÞūαγαγμuþmΛb
ūαγαvμuþmΛ�

c
ūαγαv0μu



; ð131Þ

(iv) For the pseudotensor current Γ ¼ iσμνγ5qν Eq. (127) gives

2ψ1ð1 − wÞðmΛb
þmΛ�

c
Þūαvαγμγ5uþ ψ1ð4mΛ�

c
þ 2mΛb

ð1 − wÞÞūαvαvμγ5u − 2ψ1ð1þ wÞmΛ�
c
ūαvαv0μγ5u

þ 2ðψ3 þ wψ2Þ
	ðmΛb

þmΛ�
c
Þūαγαγμγ5uþmΛb

ūαγαvμγ5uþmΛ�
c
ūαγαv0μγ5u



: ð132Þ

The matrix elements of the insertion of second-order LagrangianL0
2 in the LO currents can easily be parametrized like the

corresponding single insertions of the first-order Lagrangian [16]:

hΛ�
cðk; η; scÞjc̄v0þvβDαGαβcv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼

ffiffiffi
4

p
ūμΓuλμðv; v0Þ;

hΛ�
cðk; η; scÞj − ic̄v

0
þvασβγDγGαβcv

0
þ∘c̄ΓbvþjΛbðp; sbÞi ¼

ffiffiffi
4

p
ηðwÞgμαvβūμiσαβΠ0þΓu: ð133Þ

At order Oð1=m2
c; θ2Þ they can be reabsorbed by

redefining the IW functions ηðcÞkin and ηðcÞmag as follows:

ηðcÞkin þ
1

2mc
λðwÞ → ηðcÞkin; ð134Þ

ηðcÞmagðwÞ þ 1

2mc
ηðwÞ → ηðcÞmagðwÞ: ð135Þ

B. Form factors at Oð1=m2
c ; θ2Þ

The NNLO contributions of the HQE for the matrix
elements due to the current J̄ 0

2 in the RC limit induces a
shift in the form factors reported in Sec. III, which for the
Λcð2595Þþ vector current contribution reads

f
J 0

2

1=2;0 ¼ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ð136Þ

f
J 0

2

1=2;t ¼ ε2c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ð137Þ

f
J 0

2

1=2;⊥ ¼ ε2c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
;

ð138Þ

while for the axial-vector form factors we obtain

g
J 0

2

1=2;0 ¼ ε2c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ð139Þ

g
J 0

2

1=2;t ¼ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ð140Þ

g
J 0

2

1=2;⊥ ¼ ε2c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
:

ð141Þ

For the Λcð2625Þþ final state the vector current reads
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F
J 0

2

1=2;0 ¼ −
s3=2þ s−ðmΛb

−mΛ�
c
Þ

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð142Þ

F
J 0

2

1=2;t ¼ −
sþs3=2− ðmΛb

þmΛ�
c
Þ

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð143Þ

F
J 0

2

1=2;⊥ ¼ −ε2c
s3=2þ s−

4ðmΛb
mΛ�

c
Þ5=2 ψ1; ð144Þ

F
J 0

2

3=2;⊥ ¼ 0; ð145Þ

while for the axial vector

G
J 0

2

1=2;0 ¼ −
sþs3=2− ðmΛb

þmΛ�
c
Þ

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð146Þ

G
J 0

2

1=2;t ¼ −
s3=2þ s−ðmΛb

−mΛ�
c
Þ

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð147Þ

G
J 0

2

1=2;⊥ ¼ −
sþs3=2−

4ðmΛb
mΛ�

c
Þ5=2 ε

2
cψ1; ð148Þ

G
J 0

2

3=2;⊥ ¼ 0: ð149Þ

The tensor contributions for Λcð2595Þþ are

t
J 0

2

1=2;0 ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
;

ð150Þ

t
J 0

2

1=2;⊥ ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
; ð151Þ

while the pseudotensor induced form factors read

t
5J 0

2

1=2;0 ¼ ε2c
mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
;

ð152Þ

t
5J 0

2

1=2;⊥ ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p

×

�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
: ð153Þ

Similarly the tensor contributions for Λcð2625Þþ are

T
J 0

2

1=2;0 ¼ −
mΛ�

c
s3=2þ s−

2ðmΛb
mΛ�

c
Þ5=2 ε

2
cψ1; ð154Þ

T
J 0

2

1=2;⊥ ¼ −
mΛ�

c
ðmΛb

−mΛ�
c
Þs3=2þ s−

2ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð155Þ

T
J 0

2

3=2;⊥ ¼ 0; ð156Þ

while the pseudotensor induced form factors are

T
5J 0

2

1=2;0 ¼ −
mΛ�

c
sþs3=2−

2ðmΛb
mΛ�

c
Þ5=2 ε

2
cψ1; ð157Þ

T
5J 0

2

1=2;⊥ ¼ −
mΛ�

c
ðmΛb

þmΛ�
c
Þsþs3=2−

2ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cψ1; ð158Þ

T
5J 0

2

3=2;⊥ ¼ 0: ð159Þ

C. Vanishing chromomagnetic limit at Oð1=m2
cÞ

When taking the limit Gαβ → 0 the number of matrix
elements drastically reduces with the first- and second-
order lagrangian correction simplifying to [16]

L1 ¼ −Q̄vþD2Qvþ; L2 ¼ 0; ð160Þ

and Eq. (17) becomes

hHcjc̄ΓbjHbiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimHc
mHb

p ≃ hHv0
c jc̄v0þΓbvþjHv

bi þ
1

2mc
hHv0

c jðc̄v0þJ̄ 0
1 − c̄v

0
þD2cv

0
þ∘c̄v0þÞΓbvþjHv

bi þ
1

2mb
hHv0

c jc̄v0þΓðJ 1bvþ − bvþ∘b̄vþD2bvþÞjHv
bi

þ 1

4m2
c
hHv0

c j
�
−c̄v0þD2cv

0
þ∘c̄v0þJ̄ 0

1Π0
− þ

1

2
c̄v

0
þD2cv

0
þ∘c̄v0þD2cv

0
þ∘c̄v0þ

�
ΓbvþjHv

bi: ð161Þ

The second-order terms can be parametrized in the following way:

hΛ�
cðk; η; scÞj − c̄v

0
þD2cv

0
þ∘c̄v0þJ̄ 0

1Π0
−ΓbvþjΛbðp; sbÞi ¼

ffiffiffi
4

p
ūμγαΠ0

−Γuβμαðv; v0Þ; ð162Þ

hΛ�
cðk; η; scÞjc̄v0þD2cv

0
þ∘c̄v0þD2cv

0
þ∘c̄v0þΓbvþjΛbðp; sbÞi ¼

ffiffiffi
4

p
ūμΓuαμðv; v0Þ; ð163Þ

Λb → Λ�
c AT 1=m2
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where

βμαðv; v0Þ ¼ vμðβ1ðwÞvα þ β2ðwÞv0αÞ þ β3ðwÞgμα; ð164Þ

αμðv; v0Þ ¼ αðwÞðv − v0Þμ: ð165Þ

The equations of motion imply that v0αβμα ¼ 0 leading to
the following relations between the IW functions entering
in the definition of βμα:

β1ðwÞwþ β2ðwÞ ¼ 0: ð166Þ

Moreover, things can be further simplified in Eq. (162)
using that γαΠ0

− ¼ Π0þγα − v0α leading to

hΛ�
cðk; η; scÞj − c̄v

0
þD2cv

0
þ∘c̄v0þJ̄ 0

1Π0
−ΓbvþjΛbðp; sbÞi

¼
ffiffiffi
4

p
ūμγαΓuβμαðv; v0Þ −

ffiffiffi
4

p
ūμΓuvμðβ1ðwÞwþ β2ðwÞÞ:

ð167Þ

We observe that
ffiffiffi
4

p
ūμγαΓuβμαðv; v0Þ assumes the same

shape as the first-order pure current correction, whileffiffiffi
4

p
ūμΓuvμðβ1ðwÞwþ β2ðwÞÞ vanishes due to Eq. (166).
The matrix element in Eq. (163) has the same para-

metrization of the LO order contribution to the matrix
elements in HQE. Therefore, it shifts the form factors
by a term proportional to the LO contribution that can
be reabsorbed into the definition of the Isgur-Wise
function ηðcÞkin:

ηðcÞkinðwÞ þ
1

2mc
αðwÞ → ηðcÞkinðwÞ: ð168Þ

D. Form factors in the VC limit:
Including Oð1=m2

cÞ contributions
For the vector current contribution to Λcð2595Þþ the

shifts produced by the insertion of the first-order pure
current correction J̄ 0

1 read

f
L0

1∘J 0
1

1=2;0 ¼ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
;

ð169Þ

f
L0

1∘J 0
1

1=2;t ¼ ε2c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
;

ð170Þ

f
L0

1∘J 0
1

1=2;⊥ ¼ ε2c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
; ð171Þ

while for the axial-vector form factors we obtain

g
L0

1∘J 0
1

1=2;0 ¼ ε2c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
;

ð172Þ

g
L0

1∘J 0
1

1=2;t ¼ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
;

ð173Þ

g
L0

1∘J 0
1

1=2;⊥ ¼ ε2c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3β3 −

s−sþβ1
4ðmΛb

mΛ�
c
Þ2
�
: ð174Þ

Concerning the vector current contribution to Λcð2625Þþ
the shifts produced by the insertion of the second-order
pure current correction yield

F
L0

1∘J 0
1

1=2;0 ¼ −
ðmΛb

−mΛ�
c
Þs3=2þ s−

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð175Þ

F
L0

1∘J 0
1

1=2;t ¼ −
ðmΛb

þmΛ�
c
Þsþs3=2−

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð176Þ

F
L0

1∘J 0
1

1=2;⊥ ¼ −
s3=2þ s−

4ðmΛb
mΛ�

c
Þ5=2 ε

2
cβ1; ð177Þ

F
L0

1∘J 0
1

3=2;⊥ ¼ 0; ð178Þ

while for the axial-vector form factors we obtain

G
L0

1∘J 0
1

1=2;0 ¼ −
ðmΛb

þmΛ�
c
Þsþs3=2−

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð179Þ

G
L0

1∘J 0
1

1=2;t ¼ −
ðmΛb

−mΛ�
c
Þs3=2þ s−

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð180Þ

G
L0

1∘J 0
1

1=2;⊥ ¼ −
sþs3=2−

4ðmΛb
mΛ�

c
Þ5=2 ε

2
cβ1; ð181Þ

G
L0

1∘J 0
1

3=2;⊥ ¼ 0: ð182Þ

For the transition to Λcð2595Þþ mediated by the tensor
current we have

t
J 0

2

1=2;0 ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
6β3 −

s−sþβ1
2ðmΛb

mΛ�
c
Þ2
�
; ð183Þ

t
J 0

2

1=2;⊥ ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
6β3 −

s−sþβ1
2ðmΛb

mΛ�
c
Þ2
�
;

ð184Þ

while with the pseudotensor current we obtain
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t
5J 0

2

1=2;0 ¼ ε2c
mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
6β3 −

s−sþβ1
2ðmΛb

mΛ�
c
Þ2
�
; ð185Þ

t
5J 0

2

1=2;⊥ ¼ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
6β3 −

s−sþβ1
2ðmΛb

mΛ�
c
Þ2
�
:

ð186Þ

Concerning the Λcð2625Þþ final state, we obtain the
following shifts for the tensor form factors:

T
L0

1∘J 0
1

1=2;0 ¼ −
mΛ�

c
s3=2þ s−

2ðmΛb
mΛ�

c
Þ5=2 ε

2
cβ1; ð187Þ

T
L0

1∘J 0
1

1=2;⊥ ¼ −
mΛ�

c
ðmΛb

−mΛ�
c
Þs3=2þ s−

2ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð188Þ

T
L0

1∘J 0
1

3=2;⊥ ¼ 0; ð189Þ

while for the pseudotensor form factors the shifts read as

T
5L0

1∘J 0
1

1=2;0 ¼ −
mΛ�

c
sþs3=2−

2ðmΛb
mΛ�

c
Þ5=2 ε

2
cβ1; ð190Þ

T
5L0

1∘J 0
1

1=2;⊥ ¼ −
mΛ�

c
ðmΛb

þmΛ�
c
Þsþs3=2−

2ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ε

2
cβ1; ð191Þ

T
5L0

1∘J 0
1

3=2;⊥ ¼ 0: ð192Þ

Remarkably, we observe that the form factors within the
VC limit can be derived from their counterparts in the RC
expansion, by making the following substitutions:

ψ3 þ wψ2 → β3; ψ1 → β1: ð193Þ

V. FIT TO THE LQCD DATA

The form factors computed in the RC and VC limits
depend on seven and five unknown IW functions, respec-
tively. Although many models have been proposed
in literature [49–58], it is not possible to determine the
q2-dependence of the IW functions from first principles in
HQET [27,59].
Owing to the limited availability of measurements for the

observables associated with the Λb → Λ�
c transitions, the

fitting of the IW parameters to experimental data remains
unattainable. In fact, the measurements available to us
pertain to the decay rate, which can be found in Ref. [60].
Fortunately, we can use the LQCD results to estimate these
unknown terms following, e.g., Refs. [34,61,62].
For the transitions Λb → Λ�

cð2595Þ and Λb → Λ�
cð2625Þ

we employ the recent data of [39], in which one finds

updates of the early analysis presented in [38], obtained
by imposing the relations among the form factors at zero
recoil [44,45]. The lattice results provide a continuum
extrapolation of the QCD form factors fi in the low-
recoil region assuming a linear dependence on the recoil
parameter w:

fi ¼ Fi þ Aiðw − 1Þ; ð194Þ

for vector, axial-vector, tensor, and pseudotensor currents.
The best fit values of Fi and Ai and their covariance matrix
are given in the ancillary files of [39]. Specifically,
the LQCD results are valid only in the near zero-recoil
regime (w≲ 1.05) and cannot be used to extrapolate the
low q2-dependence of the form factors. We stress that the
relations between the form factors adopted in the LQCD
computations and the ones used in this work are given in
Appendix D.
We expand the IW functions to the first order in (w − 1)

as follows:

ζ ≃ ζð0Þ þ ðw − 1Þζð1Þ: ð195Þ

We use the same parametrization for the subleading and the
subsubleading IW functions. Then we further expand the
QCD form factors computed in the previous sections and
collected in Appendixes B 2 and B 3 to the first order in
(w − 1), to be compared with the LQCD results. We follow
the fitting procedure of [34] with the same input parameters
summarized in Table I.
As noticed in [34], neglecting the order 1=m2

c in the HQE,
we achieve a poor fit to the data with a χ2=d:o:f: ∼ 23. This
suggests that higher-order corrections are needed to accom-
modate the LQCD results.
We therefore start with examining the RC limit and

notice that since the IW functions ψ2 and ψ3 always appear
in the combination ψ 0 ¼ ψ3 þ wψ2, we fit directly ψ 0. After
linearly expanding the IW functions as in Eq. (195) we
further discover that the form factors are independent of

TABLE I. Values of the HQET input parameters
from [34].

HQET parameters

αsð ffiffiffiffiffiffiffiffiffiffiffiffi
mbmc

p Þ 0.26
mb 4.78 GeV
mc 1.38 GeV
εb 0.105 GeV−1

εc 0.36 GeV−1

mΛb
5.61960 GeV

mΛcð2595Þþ 2.59225 GeV
mΛcð2625Þþ 2.62811 GeV
Λ̄ 0.81 GeV
Λ̄0 1.10 GeV

Λb → Λ�
c AT 1=m2
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ψ ð1Þ
1 leaving us with 13 unknown IW parameters to fit to the

lattice data. The χ2 minimization yields an excellent fit with
χ2=d:o:f: ∼ 0.89. The best fit and its uncertainties are
summarized in Table II, and the correlation matrix is
reported in Table V in Appendix E.
It is time to consider the independent VC limit and notice

that for the linearized IW functions the form factors are βð1Þ1

independent. Therefore, we are left with nine unknown IW
parameters. Also in this case we find an excellent fit with
χ2=d:o:f: ∼ 0.84 as summarized in Table III. The correla-
tion matrix is reported in Table VII in Appendix E.
As a positive consistency check one observes that for the

distinct RC and VC limits reported in Tables II and III the
common IW form factors are compatible.
In an effort to be as complete as possible we follow the

literature [61,62] and further investigate the possibility to
use lattice data for the (axial) vector currents as input to

predict the (pseudo)tensor contributions for both the RC
and the VC limits. Subsequently, we compare these
results again with the lattice one. In this case, the χ2

minimization yields χ2=d:o:f: ∼ 0.84 for the RC limit and
χ2=d:o:f: ∼ 0.72 for the VC limit. The results of our fit are
shown in Table IV, and the corresponding correlation
matrices are shown in Tables VI and VIII in Appendix E.
In Fig. 1 we show the comparison between the LQCD
results of [39] (orange band) with the predictions for tensor
and pseudotensor form factors derived from fitting only the
(axial) vector ones (Table IV). The RC and VC limits are
illustrated as the blue and green bands, respectively. Our
predictions for the form factors are compatible with the
lattice results at the 1-σ level. The exception arises from the

pseudotensor form factor h̃
ð3
2
−Þ

⊥0 in the VC limit [see
Fig. 1(h)]. The larger than one sigma deviation occurs
because in the VC limit the 1=m2

c corrections are not
entirely captured.
Furthermore, we observe large uncertainties of the

chromomagnetic IW functions in the RC limit, which
are, in fact, compatible with zero. This arises because

TABLE II. Best fit points and uncertainties for the IW
parameters in the RC limit.

Parameter Best fit

ζð0Þ 0.52� 0.16

ζð1Þ −6.11� 1.27

ζð0ÞSL
0.15� 0.01

ζð1ÞSL
−0.38� 0.11

ηð0Þkin;c
−0.26� 0.44

ηð1Þkin;c
9.77� 3.08

ηð0Þmag;c
0.01� 0.10

ηð1Þmag;c
−0.15� 1.44

ηð0Þmag;b
−0.08� 0.06

ηð1Þmag;b
0.25� 0.70

ψ ð0Þ
1

1.58� 0.72

ψ 0ð0Þ 0.82� 0.05

ψ 0ð1Þ −1.13� 0.52

TABLE III. Best fit points and uncertainties for the IW
parameters in the VC limit.

Parameter Best fit

ζð0Þ 0.52� 0.16
ζð1Þ −5.97� 1.24

ζð0ÞSL
0.15� 0.01

ζð1ÞSL
−0.31� 0.10

ηð0Þkin;c
−0.24� 0.42

ηð1Þkin;c
9.48� 3.06

βð0Þ1
1.58� 0.71

βð0Þ3
0.81� 0.05

βð1Þ3
−0.96� 0.50

TABLE IV. Best fit points and uncertainties for the IW
parameters in (a) the RC and (b) the VC limits.

Parameter Best fit

ζð0Þ 0.43� 0.50

ζð1Þ −6.59� 1.62

ζð0ÞSL
0.16� 0.01

ζð1ÞSL
−0.58� 0.17

ηð0Þkin;c
0.01� 1.30

ηð1Þkin;c
10.72� 4.01

ηð0Þmag;c
−0.04� 0.12

ηð1Þmag;c
−0.07� 1.61

ηð0Þmag;b
−0.01� 0.07

ηð1Þmag;b
−0.75� 0.93

ψ ð0Þ
1

1.48� 1.01

ψ 0ð0Þ 0.83� 0.10

ψ 0ð1Þ −1.76� 0.68

Parameter Best fit

ζð0Þ 0.52� 0.43

ζð1Þ −6.49� 1.55

ζð0ÞSL
0.16� 0.01

ζð1ÞSL
−0.57� 0.17

ηð0Þkin;c
−0.21� 1.10

ηð1Þkin;c
10.56� 3.94

βð0Þ1
1.42� 0.96

βð0Þ3
0.84� 0.09

βð1Þ3
−1.69� 0.64

DI RISI, IACOBACCI, and SANNINO PHYS. REV. D 109, 036021 (2024)

036021-20



the available LQCD data are confined to the low-recoil
region, while the chromomagnetic corrections are expected
to be significant in the large-recoil region. As a result, it
becomes meaningful to consider a scenario where we set
the chromomagnetic IW functions to zero. It can be seen
from Eq. (193) that this scenario corresponds exactly to the
VC limit. Importantly, even in this case we obtain an
excellent agreement with the lattice data.
For completeness, we have performed the same analysis

above also using the baryon masses rather than the quark
masses in the HQE. Here we observed that the overall
qualitative picture remains unchanged with the second-
order coefficients getting substantially larger and ηð1Þkin;c
getting roughly 2 times larger.
Our results clearly show that, in both the RC and the VC

limits, Oð1=m2
cÞ corrections are essential to match the

lattice data, corroborating and quantifying the expectations
of [34].

VI. CONCLUSIONS

We presented the set of form factors for the Λb → Λ�
c

transitions, accounting for the next-to-next-to-leading
Oð1=m2

cÞ corrections in the RC and VC limits. We deter-
mined the IW independent parameters via a fit to the lattice
data from [39]. The latter compensate for the lack of
experimental data for the Λb → Λ�

clν decay process. For
the fits, we first enacted a χ2 minimization procedure using
the entire lattice dataset and then repeated the process using
only the vector and axial form factors to generate predictions
for the tensor and pseudotensor form factors. We discovered
a notable agreement with the LQCD data, effectively
resolving the previous tension underlined in [34].
Our results demonstrate that it is essential, to agree

with the lattice data, to consider next-to-next-to-leading
order power corrections Oð1=m2

cÞ for these processes.
Furthermore, barring potential lattice issues, these correc-
tions are large and indicate a slow convergence of the
series. An independent test of both the effective approach
and the lattice results will come from either more refined
lattice simulations and/or future experiments. We further
stress that our findings are applicable only close to the
zero-recoil region. Future experimental measurements and
theoretical efforts are needed to access the large-recoil
regime which will allow us to fully describe the physics of
the Λb → Λ�

c decay processes.
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FIG. 1. Each subpanel, from (a) to (j), displays the LQCD results
of [39] (depicted as the orange band) alongside the 1-σ level predi-
ctions for tensor and pseudotensor form factors coming from the
independent RC (blue band) andVC (green band) limits in Table IV.
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APPENDIX A: RARITA-SCHWINGER SPINOR

In the chiral representation, a spinor u with momentum

pμ ¼ ðp0; jp⃗j sin θ cosϕ; jp⃗j sin θ sinϕ; jp⃗j cos θÞ; p2 ¼ m2; ðA1Þ
and helicity h ¼ �1=2 in the rest frame, can be written as [33,63]

uðp; h ¼ þ1=2Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðp0 þmÞ

p
2
6664
þðp0 þm − jp⃗jÞ cosðθ=2Þ
þðp0 þmþ jp⃗jÞ sinðθ=2Þ expðþiϕÞ
þðp0 þmþ jp⃗jÞ cosðθ=2Þ
þðp0 þm − jp⃗jÞ sinðθ=2Þ expðþiϕÞ

3
7775; ðA2Þ

uðp; h ¼ −1=2Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðp0 þmÞ

p
2
6664
−ðp0 þm − jp⃗jÞ sinðθ=2Þ expð−iϕÞ
þðp0 þmþ jp⃗jÞ cosðθ=2Þ
−ðp0 þmþ jp⃗jÞ sinðθ=2Þ expð−iϕÞ
þðp0 þm − jp⃗jÞ cosðθ=2Þ

3
7775: ðA3Þ

We characterize a state with quantum numbers JP ¼
3=2− using the spin-3=2 component uαð3=2Þ stemming from

the projection of a general Rarita-Schwinger object
uαRSðk; ηÞ ¼ ηαuðkÞ,

uαð3=2Þðk; η; scÞ ¼
�
ηα −

1

3

�
γα þ kα

mΛ�
c

�
η

�
uðk; scÞ

¼
�
gαβ −

1

3

�
γα þ kα

mΛ�
c

�
γβ

�
uβRSðk; ηðλÞ; scÞ

≡ ½P3=2�αβuβRSðk; ηðλÞ; scÞ: ðA4Þ

Here, uðk; scÞ denotes the spin-1=2þ spinor of four
momentum k and rest-frame helicity sc ¼ �1=2, as explic-
itly presented above. The vector η is a polarization vector
with JP ¼ 1−. Similarly, we can describe the state with
spin-parity JP ¼ 1=2−, by means of the projection onto the
spin-1=2 component, as follows:

uαð1=2Þðk; η; scÞ ¼
1

3

�
γα þ kα

mΛ�
c

�
ηuðk; scÞ ðA5Þ

¼ 1

3

�
γα þ kα

mΛ�
c

�
γβu

β
RSðk; ηðλÞ; scÞ ðA6Þ

≡½P1=2�αβuβRSðk; ηðλÞ; scÞ: ðA7Þ

The Rarita-Schwinger fields satisfy the following useful
identities:

kαuαð3=2Þðk; η; scÞ ¼ 0 ¼ kαuαð1=2Þðk; η; scÞ; ðA8Þ

γαuαð3=2Þðk; η; scÞ ¼ 0; ðA9Þ

−iσαβuαð3=2Þðk; η; scÞ ¼ uβð3=2Þðk; η; scÞ: ðA10Þ

APPENDIX B: FORM FACTOR BASIS

Here, we present the spin structures Γαμ
J;i that contribute to

the transitionΛb → Λ�
c. For the vector and axial currents we

follow the notation given in [33], while for the tensor and
pseudotensor currents we use the parametrization of
Ref. [61]. For the vector current (J ¼ V) mediating the
transition to Λcð2595Þþ we find

Γαμ
V;ð1=2;tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
−mΛ�

cffiffiffiffiffi
q2

p qμffiffiffiffiffi
q2

p ;

Γαμ
V;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
þmΛ�

c

sþ

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
;

Γαμ
V;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

�
γμ −

2mΛ�
c

sþ
pμ −

2mΛb

sþ
kμ
�
; ðB1Þ
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for the axial current (J ¼ A) we have

Γαμ
A;ð1=2;tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
þmΛ�

cffiffiffiffiffi
q2

p qμffiffiffiffiffi
q2

p ;

Γαμ
A;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
−mΛ�

c

s−

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
;

Γαμ
A;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

�
γμ þ 2mΛ�

c

s−
pμ −

2mΛb

s−
kμ
�
: ðB2Þ

For the tensor current (J ¼ T) we find

Γαμ
T;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p q2

sþs−
pα

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
; ðB3Þ

Γαμ
T;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p mΛb
þmΛ�

c

s−
pα

�
γμ − 2

mΛ�
c

sþ
pμ − 2

mΛb

sþ
kμ
�
; ðB4Þ

while for the pseudotensor current (J ¼ T5) we obtain

Γαμ
T5;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p q2

sþs−
pα

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
; ðB5Þ

Γαμ
T5;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p mΛb
−mΛ�

c

sþ
pα

�
γμ þ 2

mΛ�
c

s−
pμ − 2

mΛb

s−
kμ
�
: ðB6Þ

When we consider the final state Λcð2625Þþ, for the vector current (J ¼ V) we get

Γαμ
V;ð1=2;tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
−mΛ�

cffiffiffiffiffi
q2

p qμffiffiffiffiffi
q2

p ;

Γαμ
V;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
þmΛ�

c

sþ

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
;

Γαμ
V;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

�
γμ −

2mΛ�
c

sþ
pμ −

2mΛb

sþ
kμ
�
;

Γαμ
V;ð3=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p −4iεαμpkffiffiffiffiffiffiffiffiffiffi
sþs−

p γ5 þ ΓV;ð1=2;⊥Þ; ðB7Þ

while for the axial current (J ¼ A) we use

Γαμ
A;ð1=2;tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
þmΛ�

cffiffiffiffiffi
q2

p qμffiffiffiffiffi
q2

p ;

Γαμ
A;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

mΛb
−mΛ�

c

s−

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
;

Γαμ
A;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p 2mΛ�
cffiffiffiffiffiffiffiffiffiffi

sþs−
p pα

�
γμ þ 2mΛ�

c

s−
pμ −

2mΛb

s−
kμ
�
;

Γαμ
A;ð3=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p −4iεαμpkffiffiffiffiffiffiffiffiffiffi
sþs−

p γ5 − ΓA;ð1=2;⊥Þ: ðB8Þ
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For the tensor current (J ¼ T) we find

Γαμ
T;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p q2

sþs−
pα

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
; ðB9Þ

Γαμ
T;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p mΛb
þmΛ�

c

s−
pα

�
γμ − 2

mΛ�
c

sþ
pμ − 2

mΛb

sþ
kμ
�
; ðB10Þ

Γαμ
T;ð3=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
sþ

p
�
gαμ þmΛ�

c

s−
pα

�
γμ − 2

1

mΛ�
c

kμ þ 2
mΛ�

c

sþ
pμ þ 2

mΛb

sþ
kμ
��

; ðB11Þ

and for the pseudotensor current (J ¼ T5) we obtain

Γαμ
T5;ð1=2;0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p q2

sþs−
pα

�
ðpþ kÞμ −m2

Λb
−m2

Λ�
c

q2
qμ
�
; ðB12Þ

Γαμ
T5;ð1=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p mΛb
−mΛ�

c

sþ
pα

�
γμ þ 2

mΛ�
c

s−
pμ − 2

mΛb

s−
kμ
�
; ðB13Þ

Γαμ
T5;ð3=2;⊥Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

p
ffiffiffiffiffi
s−

p
�
gαμ −

mΛ�
c

sþ
pα

�
γμ þ 2

1

mΛ�
c

kμ − 2
mΛ�

c

s−
pμ þ 2

mΛb

s−
kμ
��

: ðB14Þ

In the equations presented above, we have used the convention ϵ0123 ¼ −ϵ0123 ¼ þ1 for the Levi-Civita tensor.

1. Helicity amplitudes

By applying the principles of angular momentum composition, the allowed on-shell amplitudes for the final state with a
total angular momentum J ¼ 1=2 are [33]

Að1=2Þ
Γ ðþ1=2;þ1=2; 0Þ≡ −

ffiffiffi
1

3

r
AΓðþ1=2;þ1=2; 0; 0Þ þ

ffiffiffi
2

3

r
AΓðþ1=2;−1=2;þ1; 0Þ;

Að1=2Þ
Γ ðþ1=2;þ1=2; tÞ≡ −

ffiffiffi
1

3

r
AΓðþ1=2;þ1=2; 0; tÞ þ

ffiffiffi
2

3

r
AΓðþ1=2;−1=2;þ1; tÞ;

Að1=2Þ
Γ ðþ1=2;−1=2;−1Þ≡

ffiffiffi
1

3

r
AΓðþ1=2;−1=2; 0;−1Þ −

ffiffiffi
2

3

r
AΓðþ1=2;þ1=2;−1;−1Þ: ðB15Þ

On the other hand, the complementary set of J ¼ 3=2 amplitudes reads as

Að3=2Þ
Γ ðþ1=2;þ3=2;þ1Þ≡AΓðþ1=2;þ1=2;þ1;þ1Þ;

Að3=2Þ
Γ ðþ1=2;þ1=2; 0Þ≡

ffiffiffi
2

3

r
AΓðþ1=2;þ1=2; 0; 0Þ þ

ffiffiffi
1

3

r
AΓðþ1=2;−1=2;þ1; 0Þ;

Að3=2Þ
Γ ðþ1=2;þ1=2; tÞ≡

ffiffiffi
2

3

r
AΓðþ1=2;þ1=2; 0; tÞ þ

ffiffiffi
1

3

r
AΓðþ1=2;−1=2;þ1; tÞ;

Að3=2Þ
Γ ðþ1=2;−1=2;−1Þ≡

ffiffiffi
2

3

r
AΓðþ1=2;−1=2; 0;−1Þ þ

ffiffiffi
1

3

r
AΓðþ1=2;þ1=2;−1;−1Þ: ðB16Þ

For the transitions to J ¼ 1=2 the set of amplitudes in Eq. (B16) vanishes identically. Similarly for transitions to J ¼ 3=2
the equations in Eq. (B15) are zero.
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We list the on-shell amplitudes for the transition Λb → Λcð2595Þþ. For the vector current we find the following nonzero
amplitudes:

Að1=2Þ
V ðþ1=2;þ1=2; 0Þ ¼ Að1=2Þ

V ð−1=2;−1=2; 0Þ ¼ −
ffiffiffi
1

3

r
f1=2;0

mΛb
þmΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB17Þ

Að1=2Þ
V ðþ1=2;þ1=2; tÞ ¼ Að1=2Þ

V ð−1=2;−1=2; tÞ ¼ −
ffiffiffi
1

3

r
f1=2;t

mΛb
−mΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB18Þ

Að1=2Þ
V ðþ1=2;−1=2;−1Þ ¼ Að1=2Þ

V ð−1=2;þ1=2;þ1Þ ¼ −
ffiffiffi
2

3

r
f1=2;⊥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
: ðB19Þ

For the axial-vector current we find similarly

Að1=2Þ
A ðþ1=2;þ1=2; 0Þ ¼ −Að1=2Þ

A ð−1=2;−1=2; 0Þ ¼ −
ffiffiffi
1

3

r
g1=2;0

mΛb
−mΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB20Þ

Að1=2Þ
A ðþ1=2;þ1=2; tÞ ¼ −Að1=2Þ

A ð−1=2;−1=2; tÞ ¼ −
ffiffiffi
1

3

r
g1=2;t

mΛb
þmΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB21Þ

Að1=2Þ
A ðþ1=2;−1=2;−1Þ ¼ −Að1=2Þ

A ð−1=2;þ1=2;þ1Þ ¼ þ
ffiffiffi
2

3

r
g1=2;⊥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
: ðB22Þ

For the tensor current we find the following nonzero amplitude:

Að1=2Þ
T ðþ1=2;þ1=2; 0Þ ¼ Að1=2Þ

T ð−1=2;−1=2; 0Þ ¼ −
ffiffiffi
1

3

r
t1=2;0

mΛb

ffiffiffiffiffi
q2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ; ðB23Þ

Að1=2Þ
T ðþ1=2;−1=2;−1Þ ¼ Að1=2Þ

T ð−1=2;þ1=2;þ1Þ ¼ þ
ffiffiffi
2

3

r
t1=2;⊥

mΛb
ðmΛb

þmΛ�
c
ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p : ðB24Þ

For the pseudotensor current we find similarly

Að1=2Þ
T5 ðþ1=2;þ1=2; 0Þ ¼ −Að1=2Þ

T5 ð−1=2;−1=2; 0Þ ¼ −
ffiffiffi
1

3

r
t51=2;0

mΛb

ffiffiffiffiffi
q2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ; ðB25Þ

Að1=2Þ
T5 ðþ1=2;−1=2;−1Þ ¼ −Að1=2Þ

T5 ð−1=2;þ1=2;þ1Þ ¼ þ
ffiffiffi
2

3

r
t51=2;⊥

mΛb
ðmΛb

−mΛ�
c
ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p : ðB26Þ

We list the on-shell amplitudes for the transition Λb → Λcð2625Þþ.
For the vector current we find the following nonzero amplitudes:

Að3=2Þ
V ðþ1=2;þ3=2;þ1Þ ¼ Að3=2Þ

V ð−1=2;−3=2;−1Þ
¼ −2F3=2;⊥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB27Þ

Að3=2Þ
V ðþ1=2;þ1=2; 0Þ ¼ Að3=2Þ

V ð−1=2;−1=2; 0Þ ¼ þ
ffiffiffi
2

3

r
F1=2;0

mΛb
þmΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB28Þ

Λb → Λ�
c AT 1=m2
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Að3=2Þ
V ðþ1=2;þ1=2; tÞ ¼ Að3=2Þ

V ð−1=2;−1=2; tÞ ¼ þ
ffiffiffi
2

3

r
F1=2;t

mΛb
−mΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB29Þ

Að3=2Þ
V ðþ1=2;−1=2;−1Þ ¼ Að3=2Þ

V ð−1=2;þ1=2;þ1Þ ¼ −
2ffiffiffi
3

p F1=2;⊥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
: ðB30Þ

For the axial-vector current we find similarly

Að3=2Þ
A ðþ1=2;þ3=2;þ1Þ ¼ −Að3=2Þ

A ð−1=2;−3=2;−1Þ ¼ −2G3=2;⊥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB31Þ

Að3=2Þ
A ðþ1=2;þ1=2; 0Þ ¼ −Að3=2Þ

A ð−1=2;−1=2; 0Þ ¼ þ
ffiffiffi
2

3

r
G1=2;0

mΛb
−mΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB32Þ

Að3=2Þ
A ðþ1=2;þ1=2; tÞ ¼ −Að3=2Þ

A ð−1=2;−1=2; tÞ ¼ þ
ffiffiffi
2

3

r
G1=2;t

mΛb
þmΛ�

cffiffiffiffiffi
q2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
; ðB33Þ

Að3=2Þ
A ðþ1=2;−1=2;−1Þ ¼ −Að3=2Þ

A ð−1=2;þ1=2;þ1Þ ¼ þ 2ffiffiffi
3

p G1=2;⊥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mΛb

mΛ�
c

q
: ðB34Þ

For the tensor current we find the following nonzero amplitudes:

Að3=2Þ
T ðþ1=2;þ3=2;þ1Þ ¼ Að3=2Þ

T ð−1=2;−3=2;−1Þ ¼ −2T3=2;⊥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mΛb

mΛ�
c

p
; ðB35Þ

Að3=2Þ
T ðþ1=2;þ1=2; 0Þ ¼ Að3=2Þ

T ð−1=2;−1=2; 0Þ ¼ −
ffiffiffi
2

3

r
T1=2;0

mΛb

ffiffiffiffiffi
q2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ; ðB36Þ

Að3=2Þ
T ðþ1=2;−1=2;−1Þ ¼ Að3=2Þ

T ð−1=2;þ1=2;þ1Þ ¼ 2ffiffiffi
3

p T1=2;⊥
mΛb

ðmΛb
þmΛ�

c
ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p : ðB37Þ

For the pseudotensor current we find similarly

Að3=2Þ
T5 ðþ1=2;þ3=2;þ1Þ ¼ −Að3=2Þ

T5 ð−1=2;−3=2;−1Þ ¼ 2T5
3=2;⊥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mΛb

mΛ�
c

p
; ðB38Þ

Að3=2Þ
T5 ðþ1=2;þ1=2; 0Þ ¼ −Að3=2Þ

T5 ð−1=2;−1=2; 0Þ ¼
ffiffiffi
2

3

r
T5
1=2;0

mΛb

ffiffiffiffiffi
q2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ; ðB39Þ

Að3=2Þ
T5 ðþ1=2;−1=2;−1Þ ¼ −Að3=2Þ

T5 ð−1=2;þ1=2;þ1Þ ¼ 2ffiffiffi
3

p T5
1=2;⊥

mΛb
ðmΛb

−mΛ�
c
ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p : ðB40Þ

We do not report the expressions of the on-shell amplitudes within the HQET framework. Nevertheless, one can readily
reconstruct them by substituting the form factors provided in Appendixes B 2 and B 3 into the equations given above.
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2. Form factors at Oð1=m2
cÞ in the RC limit

Here we list the full set of form factors up to Oð1=m2
c; θ2Þ. For the final state Λcð2595Þþ the form factors are

f1=2;0 ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
þmΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin þ εbη

ðbÞ
mag − εcη

ðcÞ
magÞ

þ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB41Þ

f1=2;t ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
−mΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin þ εbη

ðbÞ
mag − εcη

ðcÞ
magÞ

þ ε2c

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB42Þ

f1=2;⊥ ¼ C1ζs−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 þ εb

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− Λ̄0ζ
�

þ εc

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
Λ̄ζ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin − εcη

ðcÞ
magÞ þ ε2c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB43Þ

g1=2;0 ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

C5
2s−

2mΛb
ðmΛb

−mΛ�
c
Þ −

C5
3s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin − εbη

ðbÞ
mag − εcη

ðcÞ
magÞ

þ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB44Þ

Λb → Λ�
c AT 1=m2
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g1=2;t ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 þ

C5
2sþ

2mΛb
ðmΛb

þmΛ�
c
Þ þ

C5
3sþ

2mΛ�
c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ 2ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ s−
ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin − εbη

ðbÞ
mag − εcη

ðcÞ
magÞ

þ ε2c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB45Þ

g1=2;⊥ ¼ C5
1ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 þ εb

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− ζΛ̄0
�

þ εc

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ − 2ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin − εcη

ðcÞ
magÞ þ ε2c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
3ðψ3 þ wψ2Þ −

s−sþψ1

4ðmΛb
mΛ�

c
Þ2
�
; ðB46Þ

t1=2;0 ¼
ζmΛ�

c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2

�
CT1

− CT2
þ CT3

−
CT4

sþ
2mΛb

mΛ�
c

�
þ εb

mΛ�
c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

mΛb
mΛ�

c

− 2ζΛ̄0 þ 4ζSL

�

þ εc
mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
2ζΛ̄ − 4ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ mΛ�

c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin þ εbη

ðbÞ
mag − εcη

ðcÞ
magÞ

þ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
; ðB47Þ

t1=2;⊥ ¼ ζs−
ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

mΛ�
c

mΛb
mΛ�

c

þ CT2
ð−m2

Λb
þm2

Λ�
c
− q2Þ

2m2
Λb
ðmΛb

þmΛ�
c
Þ −

CT3
ðm2

Λb
−m2

Λ�
c
− q2Þ

2ðmΛb
þmΛ�

c
ÞmΛb

mΛ�
c

�

þ εb
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄0 −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p
mΛ�

c
ðmΛb

−mΛ�
c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
2ζΛ̄ − 4ζSL −

Λ̄0ζðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
mΛ�

c

�
þ mΛ�

c
s−

ffiffiffiffiffi
sþ

p
ðmΛb

mΛ�
c
Þ3=2 ðεcη

ðcÞ
kin − εcη

ðcÞ
magÞ

þ ε2c
mΛ�

c

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
6ðψ3 þ wψ2Þ −

s−sþψ1

2ðmΛb
mΛ�

c
Þ2
�
; ðB48Þ

t51=2;0 ¼
CT1

ζmΛ�
c

ffiffiffiffiffi
s−

p
sþ

ðmΛb
mΛ�

c
Þ3=2 þ εb

mΛ�
c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

mΛb
mΛ�

c

− 2ζΛ̄0 − 4ζSL

�

þ εc
mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
2ζΛ̄ − 4ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

mΛb
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For the final state Λcð2625Þþ the form factors are

F1=2;0 ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

C2sþ
2mΛb

ðmΛb
þmΛ�

c
Þ þ

C3sþ
2mΛ�

c
ðmΛb

þmΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
sþ

p ðmΛb
−mΛ�

c
Þ

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ
ffiffiffiffiffi
sþ

p
s−

4ðmΛb
mΛ�

c
Þ3=2 ð2εcη

ðcÞ
kin − εbη

ðbÞ
mag þ εcη

ðcÞ
magÞ − ε2c

s3=2þ s−ðmΛb
−mΛ�

c
Þ

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB51Þ

F1=2;t ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C1 þ

mΛ�
c
ðm2

Λb
−m2

Λ�
c
þ q2Þ

2ðmΛb
−mΛ�

c
ÞmΛb

mΛ�
c

C2 þ
mΛb

ðm2
Λb

−m2
Λ�
c
− q2Þ

2ðmΛb
−mΛ�

c
ÞmΛb

mΛ�
c

C3

�

þ εb
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 ð2εcη

ðcÞ
kin − εbη

ðbÞ
mag þ εcη

ðcÞ
magÞ − ε2c

sþs3=2− ðmΛb
þmΛ�

c
Þ

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB52Þ

F1=2;⊥ ¼ ζ
ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 C1 þ εbζ

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�Λ̄ðm2

Λb
þm2

Λ�
c
− q2Þ

2mΛb
mΛ�

c

− Λ̄0
�

þ εc

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þ ζSL − ζ

Λ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ
ffiffiffiffiffi
sþ

p
s−

4ðmΛb
mΛ�

c
Þ3=2 ð2εcη

ðcÞ
kin þ εcη

ðcÞ
magÞ − ε2c

s3=2þ s−
4ðmΛb

mΛ�
c
Þ5=2 ψ1;

F3=2;⊥ ¼ −εb
ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p ζSL − εb
s−

ffiffiffiffiffi
sþ

p
4ðmΛb

mΛ�
c
Þ3=2 η

ðbÞ
mag; ðB53Þ

Λb → Λ�
c AT 1=m2

c HEAVY QUARK MASS ORDER PHYS. REV. D 109, 036021 (2024)

036021-29



G1=2;0 ¼
ζsþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

C5
2s−

2mΛb
ðmΛb

−mΛ�
c
Þ −

C5
3s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc

ffiffiffiffiffi
s−

p ðmΛb
þmΛ�

c
Þ

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL −

ζΛ̄0ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 ð2εcη

ðcÞ
kin þ εbη

ðbÞ
mag þ εcη

ðcÞ
magÞ − ε2c

sþs3=2− ðmΛb
þmΛ�

c
Þ

4ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB54Þ

G1=2;t ¼
ζs−

ffiffiffiffiffi
sþ

p
2ðmΛb

mΛ�
c
Þ3=2

�
C5
1 −

ðm2
Λb

−m2
Λ�
c
þ q2Þ

2ðmΛb
þmΛ�

c
ÞmΛb

C5
2 −

ðm2
Λb

−m2
Λ�
c
− q2Þ

2ðmΛb
þmΛ�

c
ÞmΛ�

c

C5
3

�

þ εb
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ εc
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 þ ζSL −

ζΛ̄ðm2
Λb

þm2
Λ�
c
− q2Þ

2mΛb
mΛ�

c

�

þ
ffiffiffiffiffi
sþ

p
s−

4ðmΛb
mΛ�

c
Þ3=2 ð2εcη

ðcÞ
kin þ εbη

ðbÞ
mag þ εcη

ðcÞ
magÞ − ε2c

s3=2þ s−ðmΛb
−mΛ�

c
Þ

4ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB55Þ

G1=2;⊥¼ ζ
ffiffiffiffiffi
s−

p
sþ

2ðmΛb
mΛ�

c
Þ3=2C

5
1þεbζ

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�Λ̄ðm2

Λb
þm2

Λ�
c
−q2Þ

2mΛb
mΛ�

c

− Λ̄0
�
þεc

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þζSL−ζ

Λ̄0ðm2
Λb
þm2

Λ�
c
−q2Þ

2mΛb
mΛ�

c

�

þ sþ
ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 ð2εcη

ðcÞ
kinþεcη

ðcÞ
magÞ−ε2c

sþs3=2−

4ðmΛb
mΛ�

c
Þ5=2ψ1; ðB56Þ

G3=2;⊥ ¼ −εb
ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p ζSL − εb
sþ

ffiffiffiffiffi
s−

p
4ðmΛb

mΛ�
c
Þ3=2 η

ðbÞ
mag; ðB57Þ

T1=2;0¼ ζ
mΛ�

c

ffiffiffiffiffi
sþ

p
s−

ðmΛb
mΛ�

c
Þ3=2

�
CT1

−CT2
þCT3

−
sþ

2mΛb
mΛ�

c

CT4

�
þεb

2mΛ�
c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
−ζΛ̄0−ζSLþζ

m2
Λb
þm2

Λ�
c
−q2

2mΛb
mΛ�

c

Λ̄
�

þεc
2mΛ�

c

ffiffiffiffiffi
sþ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζΛ̄þζSL−ζ

m2
Λb
þm2

Λ�
c
−q2

2mΛb
mΛ�

c

Λ̄0
�
þ mΛ�

c

ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 ð2εcη

ðcÞ
kin−εbη

ðbÞ
magþεcη

ðcÞ
magÞ−ε2c

mΛ�
c
s3=2þ s−

2ðmΛb
mΛ�

c
Þ5=2ψ1;

ðB58Þ

T1=2;⊥ ¼ ζ

ffiffiffiffiffi
sþ

p
s−

mΛb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

−
m2

Λb
−m2

Λ�
c
þ q2

2mΛb
ðmΛb

þmΛ�
c
ÞCT2

−
m2

Λb
−m2

Λ�
c
− q2

2mΛ�
c
ðmΛb

þmΛ�
c
ÞCT3

�

þ εb
2mΛ�

c
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄
�

þ εc
2mΛ�

c
ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
p

ðmΛb
þmΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL − ζ

m2
Λb

þm2
Λ�
c
− q2

2mΛb
mΛ�

c

Λ̄0
�

þ mΛ�
c

ffiffiffiffiffi
sþ

p
s−

2ðmΛb
mΛ�

c
Þ3=2 ð2εcη

ðcÞ
kin þ εcη

ðcÞ
magÞ − ε2c

mΛ�
c
ðmΛb

−mΛ�
c
Þs3=2þ s−

2ðmΛb
þmΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB59Þ

T3=2;⊥ ¼ −εb
2ðmΛb

−mΛ�
c
Þ ffiffiffiffiffi

sþ
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ζSL þ εb
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

sþ
p

s−
2ðmΛb

mΛ�
c
Þ3=2 ηðbÞmag; ðB60Þ

DI RISI, IACOBACCI, and SANNINO PHYS. REV. D 109, 036021 (2024)

036021-30



T5
1=2;0 ¼

ζmΛ�
c
sþ

ffiffiffiffiffi
s−

p
ðmΛb

mΛ�
c
Þ3=2 CT1

þ εb
2mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
ζ
ðm2

Λb
þm2

Λ�
c
− q2ÞΛ̄

2mΛb
mΛ�

c

þ ζSL − ζΛ̄0
�

þ εb
2mΛ�

c

ffiffiffiffiffi
s−

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
−ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄0

2mΛb
mΛ�

c

þ ζSL þ ζΛ̄
�

þ mΛ�
c
sþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ð2εcη

ðcÞ
kin þ εbη

ðbÞ
mag þ εcη

ðcÞ
magÞ − ε2c

mΛ�
c
sþs3=2−

2ðmΛb
mΛ�

c
Þ5=2 ψ1; ðB61Þ

T5
1=2;⊥ ¼ ζ

sþ
ffiffiffiffiffi
s−

p
mΛb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb
mΛ�

c

p
�
CT1

−
s−

2mΛb
ðmΛb

−mΛ�
c
ÞCT2

−
s−

2mΛ�
c
ðmΛb

−mΛ�
c
Þ
�

þ εb
2mΛ�

c
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄0 − ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄

2mΛb
mΛ�

c

�

þ εc
2mΛ�

c
ðmΛb

þmΛ�
c
Þ ffiffiffiffiffi

s−
p

ðmΛb
−mΛ�

c
Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p
�
ζΛ̄þ ζSL − ζ

ðm2
Λb

þm2
Λ�
c
− q2ÞΛ̄0

2mΛb
mΛ�

c

�

þ mΛ�
c
sþ

ffiffiffiffiffi
s−

p
2ðmΛb

mΛ�
c
Þ3=2 ð2εcη

ðcÞ
kin þ εcη

ðcÞ
magÞ − ε2c

mΛ�
c
ðmΛb

þmΛ�
c
Þsþs3=2−

2ðmΛb
−mΛ�

c
ÞðmΛb

mΛ�
c
Þ5=2 ψ1; ðB62Þ

T5
3=2;⊥ ¼ −εb

2ðmΛb
þmΛ�

c
Þ ffiffiffiffiffi

s−
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimΛb

mΛ�
c

p ζSL þ εb
ðmΛb

−mΛ�
c
Þsþ ffiffiffiffiffi

s−
p

2ðmΛb
mΛ�

c
Þ3=2 ηðbÞmag: ðB63Þ

3. Form factors at Oð1=m2
cÞ in the VC limit

Here we list the full set of form factors up toOð1=m2
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APPENDIX C: POLARIZATION VECTORS

In this section, we present the definitions of the polari-
zation vectors that have been employed in the determi-
nation of the on-shell amplitude, according to the procedure
outlined in Ref. [33]. We have selected the z axis to align
with the flight direction of the Λ�

c. Consequently, within the
rest frame of the Λb (Λb − RF), we find

pμjΛb-RF ¼ ðmΛb
; 0; 0; 0Þ; ðC1Þ

qμjΛb-RF ¼ ðq0; 0; 0;−jq⃗jÞ; ðC2Þ

kμjΛb-RF ¼ ðmΛb
− q0; 0; 0;þjq⃗jÞ: ðC3Þ

Expressed in terms of the invariant q2, we obtain

q0jΛb−RF ¼
m2

Λb
−m2

Λ�
c
þ q2

2mΛb

;

jq⃗jjΛb−RF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Λb
; m2

Λ�
c
; q2Þ

q
2mΛb

; ðC4Þ

where λ is the Källén function

λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2bc − 2ac: ðC5Þ

The definition of the Rarita-Schwinger spinor involves a
spin-1 polarization vector denoted as ηðmÞ. Following
Refs. [33,63] we have

ηð�ÞjΛb−RF ¼ ð0;∓ 1;−i; 0Þ=
ffiffiffi
2

p
; ðC6Þ

ηð0ÞjΛb−RF ¼ ðjq⃗j; 0; 0; mΛb
− q0Þ=mΛ�

c
: ðC7Þ

For the exchange of the virtual W we use the following
polarization vectors [33,63]:

εμðtÞjΛb−RF ¼ ðq0; 0; 0;−jq⃗jÞ=
ffiffiffiffiffi
q2

q
¼ qμ=

ffiffiffiffiffi
q2

q
; ðC8Þ

εμð�ÞjΛb−RF ¼ ð0;�1;−i; 0Þ=
ffiffiffi
2

p
; ðC9Þ

εμð0ÞjΛb−RF ¼ ðþjq⃗j; 0; 0;−q0Þ=
ffiffiffiffiffi
q2

q
: ðC10Þ

APPENDIX D: RELATIONS WITH LATTICE
FORM FACTORS

Our definitions of form factors are related to the lattice
one in Refs. [38,39] by the following relations:
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APPENDIX E: CORRELATION MATRICES FROM LQCD FIT

In this section, we provide the correlation matrices that correspond to the fitting results within the RC and VC limits. Our
analysis produces the outcomes presented in Tables V and VII when considering the complete lattice dataset. When
focusing solely on the vector and axial lattice form factors, we observe the results outlined in Tables VI and VIII.

TABLE V. Correlation matrix for the IW parameters in the RC limit, when using the full lattice dataset.

1 0.211 0.195 0.011 −0.972 −0.214 0.204 0.075 −0.025 0.004 −0.298 0.825 0.103
0.211 1 −0.055 0.201 −0.316 −0.891 −0.022 0.174 0.104 −0.097 −0.907 0.132 0.047
0.195 −0.055 1 −0.072 −0.176 0.064 0.097 −0.005 −0.141 0.012 −0.030 0.540 −0.054
0.011 0.201 −0.072 1 0.005 −0.141 0.052 0.175 0.428 −0.270 0.004 −0.023 0.629
−0.972 −0.316 −0.176 0.005 1 0.256 −0.176 −0.085 0.022 0.003 0.423 −0.793 −0.058
−0.214 −0.891 0.064 −0.141 0.256 1 0.008 −0.032 −0.080 0.067 0.752 −0.133 −0.038
0.204 −0.022 0.097 0.052 −0.176 0.008 1 −0.525 −0.032 0.033 0.109 0.154 0.173
0.075 0.174 −0.005 0.175 −0.085 −0.032 −0.525 1 0.073 −0.076 −0.209 0.068 −0.027
−0.025 0.104 −0.141 0.428 0.022 −0.080 −0.032 0.073 1 −0.592 −0.020 −0.077 0.224
0.004 −0.097 0.012 −0.270 0.003 0.067 0.033 −0.076 −0.592 1 0.052 0.009 −0.118
−0.298 −0.907 −0.030 0.004 0.423 0.752 0.109 −0.209 −0.020 0.052 1 −0.232 0.172
0.825 0.132 0.540 −0.023 −0.793 −0.133 0.154 0.068 −0.077 0.009 −0.232 1 0.060
0.103 0.047 −0.054 0.629 −0.058 −0.038 0.173 −0.027 0.224 −0.118 0.172 0.060 1

TABLE VI. Correlation matrix for the IW parameters in the RC limit, when using only the vector and axial lattice form factors.

1 0.483 0.014 0.084 −0.997 −0.464 0.423 0.136 −0.007 −0.019 −0.639 0.942 0.247
0.483 1 −0.066 0.196 −0.515 −0.924 0.137 0.183 0.068 −0.075 −0.899 0.436 0.173
0.014 −0.066 1 −0.086 −0.013 0.074 0.046 −0.016 −0.142 0.029 −0.008 0.268 −0.080
0.084 0.196 −0.086 1 −0.077 −0.160 0.142 0.143 0.129 −0.123 0.045 0.057 0.757
−0.997 −0.515 −0.013 −0.077 1 0.478 −0.413 −0.139 0.006 0.020 0.674 −0.938 −0.232
−0.464 −0.924 0.074 −0.160 0.478 1 −0.139 −0.048 −0.056 0.062 0.796 −0.417 −0.163
0.423 0.137 0.046 0.142 −0.413 −0.139 1 −0.389 −0.045 0.028 −0.114 0.395 0.290
0.136 0.183 −0.016 0.143 −0.139 −0.048 −0.389 1 0.074 −0.069 −0.212 0.132 0.034
−0.007 0.068 −0.142 0.129 0.006 −0.056 −0.045 0.074 1 −0.679 −0.032 −0.047 0.081
−0.019 −0.075 0.029 −0.123 0.020 0.062 0.028 −0.069 −0.679 1 0.045 −0.005 −0.076
−0.639 −0.899 −0.008 0.045 0.674 0.796 −0.114 −0.212 −0.032 0.045 1 −0.601 0.041
0.942 0.436 0.268 0.057 −0.937 −0.417 0.395 0.131 −0.046 −0.005 −0.601 1 0.214
0.247 0.173 −0.080 0.757 −0.232 −0.163 0.290 0.034 0.081 −0.076 0.041 0.214 1
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