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We present the first lattice-QCD determination of the form factors describing the semileptonic decays
Λb → Λ�cð2595Þl−ν̄ and Λb → Λ�cð2625Þl−ν̄, where the Λ�cð2595Þ and Λ�cð2625Þ are the lightest charm
baryons with JP ¼ 1

2
− and JP ¼ 3

2
−, respectively. These decay modes provide new opportunities to test

lepton flavor universality and also play an important role in global analyses of the strong interactions in
b → c semileptonic decays. We determine the full set of vector, axial vector, and tensor form factors for
both decays but only in a small kinematic region near the zero-recoil point. The lattice calculation uses
three different ensembles of gauge-field configurations with 2þ 1 flavors of domain-wall fermions, and we
perform extrapolations of the form factors to the continuum limit and physical pion mass. We present
Standard Model predictions for the differential decay rates and angular observables. In the kinematic
region considered, the differential decay rate for the 1

2
− final state is found to be approximately 2.5 times

larger than the rate for the 3
2
− final state. We also test the compatibility of our form-factor results with

zero-recoil sum rules.

DOI: 10.1103/PhysRevD.103.094516

I. INTRODUCTION

Semileptonic b → cl−ν̄ decays are used to determine the
CKM matrix element Vcb and to search for deviations from
lepton flavor universality [1–3]. They also provide an
important testing ground for heavy-quark effective theory
[4]. In recent years, the operation of the Large Hadron
Collider has provided new opportunities for measurements
involving b baryons. The simplest baryonic b → cl−ν̄
process is Λb → Λcl−ν̄, in which both the initial and final
hadrons are the ground states with JP ¼ 1

2
þ. This mode has

been used in combination with Λb → pl−ν̄ to determine
jVub=Vcbj [5,6] and offers the prospect of measuring the τ-
versus-μ ratio RðΛcÞ and related observables [2,3]. The
baryonic decays can provide complementary information
on physics beyond the Standard Model when compared
with mesonic decays [7–17]. The Λb → Λc form factors
have been computed using lattice QCD [5,10,18,19], and
the lattice results predict a shape for the Λb → Λcμ

−ν̄
differential decay rate in the Standard Model that is
consistent with the LHCb measurement [20]. Heavy-quark
symmetry provides strong constraints on Λb → Λcμ

−ν̄, in
which the light hadronic degrees of freedom have total

angular momentum zero. In the heavy-quark-effective-
theory (HQET) description of this decay, no subleading
order-ΛQCD=mc;b Isgur-Wise functions occur and only two
sub-subleading Isgur-Wise functions enter at order
Λ2
QCD=m

2
c; the available lattice and LHCb results are well

described by a fit of this order [21,22].
In addition to Λb → Λcμ

−ν̄, the LHCb detector has also
collected (and will continue to collect) large numbers of
Λb → Λ�cð2595Þμ−ν̄ and Λb → Λ�cð2625Þμ−ν̄ samples [20].
The Λ�cð2595Þ and Λ�cð2625Þ are the lightest charm baryons
with JP ¼ 1

2
− and JP ¼ 3

2
−, respectively, and are very

narrow resonances decaying to Λcππ [23]. It has been
projected that RðΛ�cÞ ¼ BðΛb → Λ�cτ−ν̄Þ=BðΛb → Λ�cμ−ν̄Þ
can be measured using LHCb data with approximately 17%
uncertainty at the end of LHC Run 3, and as low as 5%
uncertainty at the end of Run 6 [3]. To predict RðΛ�cÞ in the
Standard Model and beyond, the Λb → Λ�c form factors are
needed. A calculation of these form factors may also
improve the control of the backgrounds in a measurement
of RðΛcÞ. Another potential impact will be on zero-recoil
sum rules [24,25] and on global analyses of b → cl−ν̄ form
factors using dispersion relations [26]. The authors of
Ref. [26] wrote “Given the large fractional saturation of
the unitarity bounds byΛb → Λc, the inclusion of Λb → Λ�c
could be particularly fruitful once such data is available.”
Finally, we note that there is significant interest in the
structure and strong decays of the Λ�cð2595Þ and Λ�cð2625Þ,
in part due to the closeness of the Σð�Þc π thresholds [27–31].
In the limit of heavy charm quarks, the light degrees of

freedom in Λ�cð2595Þ and Λ�cð2625Þ have total angular
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momentum 1 and these two baryons become degenerate.
Note that there is no heavy-quark spin-symmetry relation
between the Λ�c and the Λc due to the different quantum
numbers of the light degrees of freedom. This difference
also means that the normalization of the leading Isgur-Wise
function for Λb → Λ�c remains unconstrained in the heavy-
quark limit, and the matrix elements vanish at zero recoil
[32,33]. The HQET relations for the Λb → Λ�cð2595Þ and
Λb → Λ�cð2625Þ vector and axial vector form factors
including the subleading order-ΛQCD=mc;b contributions
were derived in Refs. [25,32,33]; the authors of the latter
reference specifically studied the possibility of using
HQET fits to LHCb data for the muonic decay Λb →
Λ�cμ−ν̄ to make Standard Model predictions for RðΛ�cÞ. It is
still an open question how well HQET at this order can
describe these transitions.
Quark-model studies of the Λb → Λ�cð2595Þ and Λb →

Λ�cð2625Þ form factors can be found in Refs. [34–37]. In the
following, we present the first lattice-QCD determination
of these form factors. Our calculation follows that of the
Λb → Λ�ð1520Þ form factors in Ref. [38] and uses the same
ensembles of gauge-field configurations. We observe that
the Λ�cð2595Þ and Λ�cð2625Þ energy levels for our simu-
lation parameters are below all potential strong-decay
thresholds, although they come quite close at the lowest
pion mass. As in Ref. [38], we work in the rest frame of the
final-state baryon to avoid mixing between J ¼ 3

2
and J ¼ 1

2

and between negative and positive parity. This again limits
the kinematic coverage to the region near q2max.
Our definitions of the form factors are given in Sec. II.

Following a brief summary of the lattice parameters in
Sec. III, we discuss the baryon interpolating fields, two-
point functions, and the results for the masses in Sec. IV. The
extraction of the form factors from three-point functions is
described in Sec. V, and their extrapolation to the physical
pion mass and continuum limit is discussed in Sec. VI. We
test the compatibility with zero-recoil sum rules in Sec. VII
and present the Standard Model predictions for Λb →
Λ�cð2595Þl−ν̄ and Λb → Λ�cð2625Þl−ν̄ in Sec. VIII. Our
conclusions are given in Sec. IX, and the Appendix contains
relations to other form factor definitions used in the literature.

II. DEFINITIONS OF THE FORM FACTORS

In the following, we denote the Λ�cð2595Þ and Λ�cð2625Þ
as Λ�c;1=2 and Λ�c;3=2, respectively. The masses and
total decay widths determined by experiments are
mΛ�c;1=2

¼ 2592.25ð28Þ MeV, mΛ�c;3=2
¼ 2628.11ð19Þ MeV,

ΓΛ�c;1=2
¼ 2.6ð0.6Þ MeV, ΓΛ�c;3=2

< 0.97 MeV (CL ¼ 90%)

[23]. We neglect the decay widths throughout this work. In
our lattice calculations at heavier-than-physical pion
masses, the strong decays are in fact kinematically for-
bidden, except perhaps at the lightest pion mass; the hadron
masses we find on the lattice are given in Sec. IV.

We normalize the baryon states as

hΛbðk; rÞjΛbðp; sÞi ¼ δrs2EΛb
ð2πÞ3δ3ðk − pÞ; ð1Þ

hΛ�c;1=2ðk0; r0ÞjΛ�c;1=2ðp0; s0Þi ¼ δr0s02EΛ�c;1=2
ð2πÞ3δ3ðk0 − p0Þ; ð2Þ

hΛ�c;3=2ðk0; r0ÞjΛ�c;3=2ðp0; s0Þi ¼ δr0s02EΛ�c;3=2
ð2πÞ3δ3ðk0 − p0Þ; ð3Þ

and work with Dirac and Rarita-Schwinger spinors satisfyingX
s

uðmΛb
;p; sÞūðmΛb

;p; sÞ ¼ mΛb
þ p; ð4Þ

X
s0
uðmΛ�c;1=2

;p0; s0ÞūðmΛ�c;1=2
;p0; s0Þ ¼ mΛ�c;1=2

þ p0; ð5Þ

X
s0
uμðmΛ�c;3=2

;p0; s0ÞūνðmΛ�c;3=2
;p0; s0Þ ¼ −ðmΛ�c;3=2

þ p0Þ
�
gμν −

1

3
γμγν −

2

3m2
Λ�c;3=2

p0μp0ν −
1

3mΛ�c;3=2

ðγμp0ν − γνp0μÞ
�
: ð6Þ

In the equations throughout this paper, Minkowski-space gamma matrices and the metric ðgμνÞ ¼ diagð1;−1;−1;−1Þ are
used, except where indicated otherwise. We introduce the notation

hΛ�c;1=2ðp0; s0Þjc̄ΓbjΛbðp; sÞi ¼ ūðmΛ�c;1=2
;p0; s0Þγ5Gð12−Þ½Γ�uðmΛb

;p; sÞ; ð7Þ
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hΛ�c;3=2ðp0; s0Þjc̄ΓbjΛbðp; sÞi ¼ ūλðmΛ�c;3=2
;p0; s0ÞGλð3

2
−Þ½Γ�uðmΛb

;p; sÞ; ð8Þ

and

s� ¼ ðmΛb
�mΛ�cÞ2 − q2; ð9Þ

where q ¼ p − p0. We use a helicity basis for all form factors. For the JP ¼ 1
2
− final state, our definition follows the one

introduced previously for JP ¼ 1
2
þ final states [39] except for the changes resulting from the opposite parity [note the γ5 in

Eq. (7)]:

Gð12−Þ½γμ� ¼ f
ð1
2
−Þ

0 ðmΛb
þmΛ�c;1=2

Þ q
μ

q2

þ f
ð1
2
−Þ
þ

mΛb
−mΛ�c;1=2

s−

�
pμ þ p0μ − ðm2

Λb
−m2

Λ�c;1=2
Þ q

μ

q2

�
þ f

ð1
2
−Þ

⊥
�
γμ þ

2mΛ�c;1=2

s−
pμ −

2mΛb

s−
p0μ

�
; ð10Þ

Gð12−Þ½γμγ5� ¼ −gð
1
2
−Þ

0 γ5ðmΛb
−mΛ�c;1=2

Þ q
μ

q2
− g
ð1
2
−Þ
þ γ5

mΛb
þmΛ�c;1=2

sþ

�
pμ þ p0μ − ðm2

Λb
−m2

Λ�c;1=2
Þ q

μ

q2

�

− g
ð1
2
−Þ

⊥ γ5

�
γμ −

2mΛ�c;1=2

sþ
pμ −

2mΛb

sþ
p0μ

�
; ð11Þ

Gð12−Þ½iσμνqν� ¼ −hð
1
2
−Þ
þ

q2

s−

�
pμ þ p0μ − ðm2

Λb
−m2

Λ�c;1=2
Þ q

μ

q2

�
− h

ð1
2
−Þ

⊥ ðmΛb
−mΛ�c;1=2

Þ
�
γμ þ

2mΛ�c;1=2

s−
pμ −

2mΛb

s−
p0μ

�
; ð12Þ

Gð12−Þ½iσμνγ5qν� ¼ −h̃ð
1
2
−Þ
þ γ5

q2

sþ

�
pμ þ p0μ − ðm2

Λb
−m2

Λ�c;1=2
Þ q

μ

q2

�
− h̃

ð1
2
−Þ

⊥ γ5ðmΛb
þmΛ�c;1=2

Þ
�
γμ −

2mΛ�c;1=2

sþ
pμ −

2mΛb

sþ
p0μ

�
:

ð13Þ

For the JP ¼ 3
2
− final state, we use the definition introduced by us in Ref. [38], which reads

Gλð3
2
−Þ½γμ� ¼ f

ð3
2
−Þ

0

mΛ�c;3=2

sþ

ðmΛb
−mΛ�c;3=2

Þpλqμ

q2

þ f
ð3
2
−Þ
þ

mΛ�c;3=2

s−

ðmΛb
þmΛ�c;3=2

Þpλðq2ðpμ þ p0μÞ − ðm2
Λb

−m2
Λ�c;3=2
ÞqμÞ

q2sþ

þ f
ð3
2
−Þ

⊥
mΛ�c;3=2

s−

�
pλγμ −

2pλðmΛb
p0μ þmΛ�c;3=2

pμÞ
sþ

�

þ f
ð3
2
−Þ

⊥0
mΛ�c;3=2

s−

�
pλγμ −

2pλp0μ

mΛ�c;3=2

þ
2pλðmΛb

p0μ þmΛ�c;3=2
pμÞ

sþ
þ s−gλμ

mΛ�c;3=2

�
; ð14Þ

Gλð3
2
−Þ½γμγ5� ¼ −gð

3
2
−Þ

0 γ5
mΛ�c;3=2

s−

ðmΛb
þmΛ�c;3=2

Þpλqμ

q2

− g
ð3
2
−Þ
þ γ5

mΛ�c;3=2

sþ

ðmΛb
−mΛ�c;3=2

Þpλðq2ðpμ þ p0μÞ − ðm2
Λb

−m2
Λ�c;3=2
ÞqμÞ

q2s−

− g
ð3
2
−Þ

⊥ γ5
mΛ�c;3=2

sþ

�
pλγμ −

2pλðmΛb
p0μ −mΛ�c;3=2

pμÞ
s−

�

− g
ð3
2
−Þ

⊥0 γ5
mΛ�c;3=2

sþ

�
pλγμ þ 2pλp0μ

mΛ�c;3=2

þ
2pλðmΛb

p0μ −mΛ�c;3=2
pμÞ

s−
−

sþgλμ

mΛ�c;3=2

�
; ð15Þ
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Gλð3
2
−Þ½iσμνqν� ¼ −hð

3
2
−Þ
þ

mΛ�c;3=2

s−

pλðq2ðpμ þ p0μÞ − ðm2
Λb

−m2
Λ�c;3=2
ÞqμÞ

sþ

− h
ð3
2
−Þ

⊥
mΛ�c;3=2

s−
ðmΛb

þmΛ�c;3=2
Þ
�
pλγμ −

2pλðmΛb
p0μ þmΛ�c;3=2

pμÞ
sþ

�

− h
ð3
2
−Þ

⊥0
mΛ�c;3=2

s−
ðmΛb

þmΛ�c;3=2
Þ
�
pλγμ −

2pλp0μ

mΛ�c;3=2

þ
2pλðmΛb

p0μ þmΛ�c;3=2
pμÞ

sþ
þ s−gλμ

mΛ�c;3=2

�
; ð16Þ

Gλð3
2
−Þ½iσμνqνγ5� ¼ −h̃ð

3
2
−Þ
þ γ5

mΛ�c;3=2

sþ

pλðq2ðpμ þ p0μÞ − ðm2
Λb

−m2
Λ�c;3=2
ÞqμÞ

s−

− h̃
ð3
2
−Þ

⊥ γ5
mΛ�c;3=2

sþ
ðmΛb

−mΛ�c;3=2
Þ
�
pλγμ −

2pλðmΛb
p0μ −mΛ�c;3=2

pμÞ
s−

�

− h̃
ð3
2
−Þ

⊥0 γ5
mΛ�c;3=2

sþ
ðmΛb

−mΛ�c;3=2
Þ
�
pλγμ þ 2pλp0μ

mΛ�c;3=2

þ
2pλðmΛb

p0μ −mΛ�c;3=2
pμÞ

s−
−

sþgλμ

mΛ�c;3=2

�
: ð17Þ

Only the vector and axial-vector form factors are needed to
describe Λb → Λ�cl−ν̄ decays in the Standard Model, but
we also compute the tensor form factors. Above,
σμν ¼ i

2
ðγμγν − γνγμÞ. Note that the overall sign of the

form factors for each decay mode depends on the phase
conventions of the states. This means that also the relative
overall sign between the two different final states is left
undetermined. Relations between our form-factor defini-
tions and alternative definitions used in the literature are
given in the Appendix.

III. LATTICE ACTIONS AND PARAMETERS

The lattice actions and parameters used in this work are
the same as in our calculation of Λb → Λ�ð1520Þ form
factors [38], except that here the valence strange quark is
replaced by a valence charm quark. For the latter, we
employ the same form of action and analogous tuning
conditions as for the bottom quark [40], i.e., an anisotropic

clover action with bare parameters amðcÞQ , νðcÞ, cðcÞE;B tuned to
obtain the correct Ds meson kinetic mass, rest mass, and

hyperfine splitting (our notation for the bare parameters
follows Ref. [41], while Ref. [40] uses m0 ¼ mQ, ζ ¼ ν,
cP ¼ cE ¼ cB). The values of these parameters are given in
Table I. The gauge-field ensembles with 2þ 1 flavors of
domain-wall fermions were generated by the RBC and
UKQCD Collaborations [42,43]. For the up and down
valence quarks, we reuse the domain-wall propagators
computed for Ref. [38]. Our computation utilizes all-mode
averaging [44,45], in which unbiased estimates with small
statistical uncertainties are obtained at reduced cost by
combining “exact” and “sloppy” samples.

IV. TWO-POINT FUNCTIONS
AND HADRON MASSES

We now move to the discussion of the baryon inter-
polating fields, two-point functions, and results for the
masses. For the Λb, everything is identical to Ref. [38]. The
Λ�cð2625Þ has the same isospin and spin-parity quantum
numbers as the Λ�ð1520Þ (I ¼ 0, JP ¼ 3

2
−), but with a

charm quark instead of a strange quark. We therefore use
the interpolating field

TABLE I. Parameters of the lattice actions, lattice spacings, and numbers of exact (ex) and sloppy (sl) samples computed for the
correlation functions. The light-quark and gluon actions and the determination of the lattice spacings are described in Refs. [42,43]. The
form of the heavy-quark action is given in Ref. [40], where m0 ¼ mQ, ζ ¼ ν, cP ¼ cE ¼ cB.

Label N3
s × Nt β a [fm] amu;d ams amðbÞQ νðbÞ cðbÞE;B amðcÞQ νðcÞ cðcÞE;B Nex Nsl

C01 243 × 64 2.13 0.1106(3) 0.01 0.04 7.3258 3.1918 4.9625 0.1541 1.2004 1.8407 283 9056
C005 243 × 64 2.13 0.1106(3) 0.005 0.04 7.3258 3.1918 4.9625 0.1541 1.2004 1.8407 311 9952
F004 323 × 64 2.25 0.0828(3) 0.004 0.03 3.2823 2.0600 2.7960 −0.0517 1.1021 1.4483 251 8032
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ðOΛ�cÞjγ ¼ ϵabcðCγ5Þαβ
�
1þ γ0

2

�
γδ

× ½c̃aαd̃bβð∇̃jũÞcδ − c̃aαũbβð∇̃jd̃Þcδ
þ ũaαð∇̃jd̃Þbβ c̃cδ − d̃aαð∇̃jũÞbβ c̃cδ�; ð18Þ

which differs from Eq. (18) of Ref. [38] only by the
replacement s → c. As before, this form will work only at
zero momentum. The tilde indicates gauge-covariant
Gaussian smearing of the quark fields with the parameters
given in Table II. The field (18) actually has nonzero
overlap with both the Λ�cð2595Þ and the Λ�cð2625Þ,

h0jðOΛ�cÞjjΛ�c;1=2ð0; s0Þi ¼ ZΛ�c;1=2

1þ γ0
2

γjγ5uðmΛ�c;1=2
; 0; s0Þ;
ð19Þ

h0jðOΛ�cÞjjΛ�c;3=2ð0; s0Þi ¼ ZΛ�c;3=2

1þ γ0
2

ujðmΛ�c;3=2
; 0; s0Þ;

ð20Þ

and we can isolate the J ¼ 1
2
and J ¼ 3

2
components1 using

the projectors

Pkj
ð1=2Þ ¼

1

3
γkγj; ð21Þ

Pkj
ð3=2Þ ¼ gkj −

1

3
γkγj: ð22Þ

The zero-momentum Λ�c two-point functions are defined
like those for the Λ� in Ref. [38], and after applying the
above projectors their spectral decomposition reads

Pjl
ð1=2ÞC

ð2;Λ�cÞ
lk ðtÞ ¼ −

1

2
Z2
Λ�c;1=2
ð1þ γ0Þγjγke

−mΛ�
c;1=2

t

þ ðexcited-state contributionsÞ; ð23Þ

Pjl
ð3=2ÞC

ð2;Λ�cÞ
lk ðtÞ¼−

1

2
Z2
Λ�c;3=2
ð1þ γ0Þ

�
gjk−

1

3
γjγk

�
e
−mΛ�

c;3=2
t

þðexcited-state contributionsÞ: ð24Þ

At this point the reader may wonder why we did not
analyze the Λ�ð1405Þ with JP ¼ 1

2
− in Ref. [38], despite

being able to project to JP ¼ 1
2
− with the available data. The

reason is that we do not trust the single-hadron/narrow-
width approximation for the Λ�ð1405Þ, which has a larger
decay width than the Λ�ð1520Þ and likely a two-pole
structure [47].
The masses extracted from single-exponential fits to our

results for Pjl
ð1=2ÞC

ð2;Λ�cÞ and Pjl
ð3=2ÞC

ð2;Λ�cÞ in the plateau

regions are given in Table III, along with the masses of
potential decay products. The latter are not used in our
determination of the form factors but are included to assess
whether the Λ�c baryons are stable under the strong
interactions for our quark masses. We find that both
mΛ�c;1=2

and mΛ�c;3=2
are lower than all of the following:

mΛc
þmπ þmπ, mΣc

þmπ ,mD þmN , although the differ-
ence mΛ�c;3=2

−mΣc
−mπ becomes consistent with zero for

the F004 ensemble within the statistical uncertainties. The
results are of course affected by the finite volume to
some degree, but it appears likely that both the Λ�c;1=2
and the Λ�c;3=2 are stable hadrons at least on the C01 and
C005 ensembles, where the energies are well below all
thresholds.
We also performed simple chiral-continuum extrapola-

tions of mΛ�c;1=2
and mΛ�c;3=2

of the form

mΛ�c;J ¼ mðphysÞΛ�c;J

�
1þ cJ

m2
π −m2

π;phys

ð4πfπÞ2
þ dJa2Λ2

�
ð25Þ

with fit parameters mðphysÞΛ�c;J
, cJ, dJ, and constants fπ ¼

132 MeV, Λ ¼ 300 MeV. These fits yield mðphysÞΛ�c;1=2
¼

2693ð43Þ MeV, mðphysÞΛ�c;3=2
¼ 2742ð43Þ MeV. To estimate

systematic uncertainties associated with the choice of
fit model, we additionally performed higher-order fits of
the form

TABLE II. Paramters of the quark-field smearing used in the baryon interpolating fields. See Ref. [38] for
explanations.

Up and down quarks Bottom quarks Charm quarks

NGauss σGauss=a NAPE αAPE NGauss σGauss=a NStout ρStout NGauss σGauss=a NStout ρStout

Coarse 30 4.350 25 2.5 10 2.000 10 0.08 20 3.000 10 0.08
Fine 60 5.728 25 2.5 10 2.000 10 0.08 20 3.000 10 0.08

1At zero momentum, the continuum JP ¼ 1
2
− and JP ¼ 3

2
−

irreducible representations subduce identically to the Gu
1 and Hu

irreducible representations of the double cover of the cubic group
[46]; the next-higher values of JP that subduce to the same cubic
irreps are 7

2
− and JP ¼ 5

2
−, respectively, and such states will have

higher energies. It is therefore safe to refer to only the continuum
quantum numbers in this case.
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mΛ�c;J ¼ mðphysÞΛ�c;J ;HO

�
1þ cJ;HO

m2
π −m2

π;phys

ð4πfπÞ2

þ hJ;HO
m3

π −m3
π;phys

ð4πfπÞ3
þ dJ;HOa2Λ2 þ gJ;HOa3Λ3

�
;

ð26Þ

with Gaussian priors hJ;HO ¼ 0� 10 and gJ;HO ¼ 0� 10,
and computed the systematic uncertainties using

σm;syst ¼ max
�
jmHO −mj;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jσ2m;HO − σ2mj

q �
; ð27Þ

where m, σm denote the central value and uncertainty
obtained using the parameter values and covariance matrix
of the nominal fit and mHO, σ2m;HO denote the central value
and uncertainty obtained using the parameter values and
covariance matrix of the higher-order fit. In this way we
finally obtain

mðphysÞΛ�c;1=2
¼ ð2693� 43stat � 95systÞ MeV; ð28Þ

mðphysÞΛ�c;3=2
¼ð2742� 43stat � 96systÞ MeV; ð29Þ

which are consistent with the experimental values of
mΛ�c;1=2

¼ 2592.25ð28Þ MeV, mΛ�c;3=2
¼ 2628.11ð19Þ MeV

[23]. Plots of the extrapolations are shown in Fig. 1.
Note that we do not use the chiral-continuum extrapolations
of the baryon masses in our determination of the form
factors; we use the lattice baryon masses when computing
the form factors on each ensemble, and then extrapolate
only the form factors themselves. The mass extrapolations
merely provide a test of our methodology. Finally, in
Table III we also list the hyperfine splittings mΛ�c;3=2

−
mΛ�c;1=2

computed on each ensemble. Their relative uncer-

tainties are too large to obtain a useful chiral-continuum
extrapolation, but the results are consistent within<2σ with
the experimental value of 35.86(34) MeV on each
ensemble.

V. THREE-POINT FUNCTIONS
AND FORM FACTORS

As in Ref. [38], we compute forward and backward
three-point functions

Cð3;fwÞjγδ ðp;Γ; t; t0Þ ¼
X
y;z

e−ip·ðy−zÞhðOΛ�cÞjγðx0;xÞ

× JΓðx0 − tþ t0; yÞðOΛb
Þδðx0 − t; zÞi;

ð30Þ

TABLE III. Hadron masses in GeV. We did not compute Σc two-point functions in this work and the Σc masses were estimated by
adding the Σc − Λc mass differences computed in Ref. [41] on the same ensembles with a slightly different tuning of the charm-quark
action to the Λc masses computed here.

Label mπ mD mN mΛc
mðestÞΣc

mΛ�c;1=2
mΛ�c;3=2

mΛ�c;3=2
−mΛ�c;1=2

mΛb

C01 0.4312(13) 1.9119(54) 1.2647(51) 2.4652(82) 2.617(10) 2.882(12) 2.909(12) 0.0265(85) 5.793(17)
C005 0.3400(11) 1.8942(54) 1.1649(58) 2.4038(75) 2.565(12) 2.819(13) 2.839(13) 0.0185(97) 5.726(17)
F004 0.3030(12) 1.8880(70) 1.1197(59) 2.367(12) 2.550(19) 2.781(18) 2.815(18) 0.033(17) 5.722(23)

FIG. 1. Chiral and continuum extrapolations of our results for the Λ�c;1=2 and Λ�c;3=2 masses. The inner error bands are statistical only
and the outer bands include estimates of the systematic uncertainties associated with these extrapolations. The experimental values from
Ref. [23] are also shown.
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Cð3;bwÞjδγ ðp;Γ; t; t − t0Þ ¼
X
y;z

e−ip·ðz−yÞhðOΛb
Þδðx0 þ t; zÞ

× J†Γðx0 þ t0; yÞðOΛ�cÞjγðx0;xÞi;
ð31Þ

where p is the Λb momentum, Γ is the Dirac matrix in the
b → cweak current, t is the source-sink separation, and t0 is
the current-insertion time. With both the b and c quarks
implemented using anisotropic clover actions, the current
now includes OðaÞ-improvement terms for both quarks:

JΓ¼ρΓ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZðccÞV ZðbbÞV

q
½c̄ΓbþadðbÞ1 c̄ΓγE · ∇

!
b−adðcÞ1 c̄∇ ·γEΓb�:

ð32Þ

Here, γE ¼ ðγjEÞ ¼ ð−iγjÞ are the Euclidean spatial gamma
matrices, and ∇⃗ are the gauge-covariant symmetric lattice
derivatives. The overall matching factors in the current are

written as ρΓ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZðccÞV ZðbbÞV

q
[48,49], where ZðQQÞ

V are the
matching factors for the flavor-conserving temporal vector

currents Q̄γ0Q. We determined the values of ZðQQÞ
V

nonperturbatively using the charge-conservation condition
for three-point functions with Ds and Bs meson interpolat-
ing fields; the results are given in Table IV. With this
choice, the residual matching factors ρΓ are equal to 1 at
tree level and can be computed in perturbation theory
without introducing large uncertainties. For the vector and
axial-vector currents, we use the one-loop results given in
Table III of Ref. [5]. Here we use more accurately tuned
parameters in the b- and c-quark actions, but we expect the
resulting change in the matching factors to be negligible.
For the tensor currents, one-loop results are not presently
available so we set ρσμν ¼ 1 and estimate the resulting
systematic uncertainty at μ ¼ mb to be 4.04% as in
Ref. [10]. The values of theOðaÞ-improvement coefficients
for all currents are also computed at tree level and are given
in Table IV.
We generated data for the same two choices

of Λb momenta as in Ref. [38], p ¼ ð0; 0; 2Þ 2πL and
p ¼ ð0; 0; 3Þ 2πL , and for slightly larger source-sink separa-
tions: t=a ¼ 6…14 at the coarse lattice spacing and t=a ¼
8…16 at the fine lattice spacing. Here we project the Λ�c
field in the three-point functions to both J ¼ 1

2
and J ¼ 3

2
,

and the spectral decompositions read

Pjl
ð1=2ÞC

ð3;fwÞ
l ðp;Γ; t; t0Þ ¼ 1

v0
ZΛ�c;1=2

1þ γ0
2

γjGð12−Þ½Γ� 1þ =v
2
ðZð1ÞΛb

þ Zð2ÞΛb
γ0Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0

þ ðexcited-state contributionsÞ; ð33Þ

Pjl
ð3=2ÞC

ð3;fwÞ
l ðp;Γ; t; t0Þ ¼ −

1

v0
ZΛ�c;3=2

1þ γ0
2

�
gjλ −

1

3
γjγλ −

1

3
γjg0λ

�
Gλð3

2
−Þ½Γ� 1þ =v

2
ðZð1ÞΛb

þ Zð2ÞΛb
γ0Þe−mΛ�

c;3=2
ðt−t0Þ

e−EΛb t
0

þ ðexcited-state contributionsÞ; ð34Þ

where vμ ¼ pμ=mΛb
, and Gð12−Þ½Γ�, Gλð3

2
−Þ½Γ� contain the

form factors as explained in Sec. II.
In the following, we introduce a label X ∈
fV; A; TV; TAg denoting the type of weak current, such
that the matrix Γ in Eq. (32) is equal to

Γμ
X ¼

8>>><
>>>:

γμ for X ¼ V;

γμγ5 for X ¼ A;

iσμνqν for X ¼ TV;

iσμνqνγ5 for X ¼ TA:

ð35Þ

TABLE IV. The values of the nonperturbative matching factors ZðbbÞV and ZðccÞV , determined using charge-
conservation from ratios of zero-momentum Bs and Ds two-point and three-point functions, as well as the values of
the OðaÞ-improvement coefficients, computed at tree level in mean-field-improved perturbation theory.

ZðbbÞV ZðccÞV dðbÞ1 dðcÞ1

Coarse lattice (C01, C005) 9.0631(84) 1.35761(16) 0.0728 0.0412
Fine lattice (F004) 4.7449(21) 1.160978(74) 0.0696 0.0301
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We also introduce a label λ ∈ f0;þ;⊥;⊥0g for the different helicities. As in Ref. [38], we compute the quantities

FðJ
PÞX

λ ðp; tÞ ¼ SðJ
PÞX

λ ðp; t; t=2Þ
SðJ

PÞXref
λref

ðp; t; t=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RðJ

PÞXref
λref

ðpÞ
q

; ð36Þ

where JP ∈ f1
2
−; 3

2
−g are the quantum numbers of the Λ�c. Here, R

ðJPÞXref
λref

ðpÞ denotes a constant fit at large t to a ratio

RðJ
PÞXref

λref
ðp; tÞ of three-point and two-point functions that is constructed such that at large t it becomes equal to the square of

the form factor associated with current Xref and helicity λref. The quantities SðJ
PÞX

λ ðp; t; t=2Þ are linear projections of the
three-point functions proportional to the form factor with current X and helicity λ. In this way, the relative signs of the form

factors are preserved, and FðJ
PÞX

λ ðp; tÞ becomes equal to the form factor of interest at large t, which is then extracted from a
constant fit. The choice of reference form factor ðXref ; λrefÞ is arbitrary in principle, and we select it based on the signal-to-
noise ratio and quality of the ground-state plateau.
The equations for JP ¼ 3

2
− were given in Ref. [38] and we do not repeat them here. For JP ¼ 1

2
−, the construction of

R
ð1
2
−ÞX

λ ðp; tÞ is similar to that used previously for JP ¼ 1
2
þ in Refs. [5,50]. We define

R
ð1
2
−ÞX

0 ðp; t; t0Þ ¼
qμqνTr½γlPli

ð1=2ÞC
ð3;fwÞ
i ðp;Γμ

X; t; t
0Þð1þ =vÞCð3;bwÞn ðp;Γν

X; t; t − t0ÞPnm
ð1=2Þγm�

Tr½Pjk
ð1=2ÞC

ð2;Λ�cÞ
kj ðtÞ�Tr½ð1þ =vÞCð2;ΛbÞðp; tÞ�

; ð37Þ

R
ð1
2
−ÞX
þ ðp; t; t0Þ ¼ rμ½ð1; 0Þ�rν½ð1; 0Þ�

Tr½γlPli
ð1=2ÞC

ð3;fwÞ
i ðp;Γμ

X; t; t
0Þð1þ =vÞCð3;bwÞn ðp;Γν

X; t; t − t0ÞPnm
ð1=2Þγm�

Tr½Pjk
ð1=2ÞC

ð2;Λ�cÞ
kj ðtÞ�Tr½ð1þ =vÞCð2;ΛbÞðp; tÞ�

; ð38Þ

R
ð1
2
−ÞX

⊥ ðp; t; t0Þ ¼ rμ½ð0;ej × pÞ�rν½ð0;ek × pÞ�
Tr½γlPli

ð1=2ÞC
ð3;fwÞ
i ðp;Γμ

X; t; t
0Þγ5γjð1þ =vÞCð3;bwÞn ðp;Γν

X; t; t− t0ÞPnm
ð1=2Þγmγ5γ

k�
Tr½Pjk

ð1=2ÞC
ð2;Λ�cÞ
kj ðtÞ�Tr½ð1þ =vÞCð2;ΛbÞðp; tÞ�

;

ð39Þ

where

r½n� ¼ n −
ðq · nÞ
q2

q ð40Þ

for any four-vector n, and ej denotes the three-dimensional unit vector in direction j. Above, repeated Greek indices are

summed over from 0 to 3, while Latin indices are summed only over the spatial directions. The ratios R
ð1
2
−ÞX

λ ðp; t; t0Þ are
equal to kinematic factors depending on the baryon energies times the squares of individual helicity form factors, up to
excited-state contamination that decays exponentially for t and t − t0 both large. We then set t0 ¼ t=2 [or average over
ðtþ aÞ=2 and ðt − aÞ=2 in the case of odd t=a] and divide out the kinematic factors to obtain

R
ð1
2
−ÞV

0 ðp; tÞ ¼ 4EΛb

3ðmΛb
þmΛ�c;1=2

Þ2ðEΛb
−mΛb

ÞR
ð1
2
−ÞV

0 ðp; t; t=2Þ

¼ ½fð12−Þ0 �2 þ ðexcited-state contributionsÞ; ð41Þ

R
ð1
2
−ÞV
þ ðp; tÞ ¼ 4EΛb

q4

3ðEΛb
þmΛb

Þ2ðEΛb
−mΛb

ÞðmΛb
−mΛ�c;1=2

Þ2R
ð1
2
−ÞV
þ ðp; t; t=2Þ

¼ ½fð12−Þþ �2 þ ðexcited-state contributionsÞ; ð42Þ

R
ð1
2
−ÞV

⊥ ðp; tÞ ¼ EΛb

3ðEΛb
þmΛb

Þ2ðEΛb
−mΛb

ÞR
ð1
2
−ÞV

⊥ ðp; t; t=2Þ

¼ ½fð12−Þ⊥ �2 þ ðexcited-state contributionsÞ; ð43Þ
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R
ð1
2
−ÞA

0 ðp; tÞ ¼ 4EΛb

3ðmΛb
−mΛ�c;1=2

Þ2ðEΛb
þmΛb

ÞR
ð1
2
−ÞA

0 ðp; t; t=2Þ

¼ ½gð12−Þ0 �2 þ ðexcited-state contributionsÞ; ð44Þ

R
ð1
2
−ÞA
þ ðp; tÞ ¼ 4EΛb

q4

3ðEΛb
−mΛb

Þ2ðEΛb
þmΛb

ÞðmΛb
þmΛ�c;1=2

Þ2 R
ð1
2
−ÞA
þ ðp; t; t=2Þ

¼ ½gð12−Þþ �2 þ ðexcited-state contributionsÞ; ð45Þ

R
ð1
2
−ÞA

⊥ ðp; tÞ ¼ −
EΛb

3ðEΛb
−mΛb

Þ2ðEΛb
þmΛb

ÞR
ð1
2
−ÞA

⊥ ðp; t; t=2Þ

¼ ½gð12−Þ⊥ �2 þ ðexcited-state contributionsÞ; ð46Þ

R
ð1
2
−ÞTV
þ ðp; tÞ ¼ 4EΛb

3ðEΛb
þmΛb

Þ2ðEΛb
−mΛb

ÞR
ð1
2
−ÞTV
þ ðp; t; t=2Þ

¼ ½hð12−Þþ �2 þ ðexcited-state contributionsÞ; ð47Þ

R
ð1
2
−ÞTV

⊥ ðp; tÞ ¼ EΛb

3ðEΛb
þmΛb

Þ2ðEΛb
−mΛb

ÞðmΛb
−mΛ�c;1=2

Þ2R
ð1
2
−ÞTV

⊥ ðp; t; t=2Þ

¼ ½hð12−Þ⊥ �2 þ ðexcited-state contributionsÞ; ð48Þ

R
ð1
2
−ÞTA
þ ðp; tÞ ¼ 4EΛb

3ðEΛb
−mΛb

Þ2ðEΛb
þmΛb

ÞR
ð1
2
−ÞTA
þ ðp; t; t=2Þ

¼ ½h̃ð12−Þþ �2 þ ðexcited-state contributionsÞ; ð49Þ

R
ð1
2
−ÞTA

⊥ ðp; tÞ ¼ −
EΛb

3ðEΛb
−mΛb

Þ2ðEΛb
þmΛb

ÞðmΛb
þmΛ�c;1=2

Þ2 R
ð1
2
−ÞTA

⊥ ðp; t; t=2Þ

¼ ½h̃ð12−Þ⊥ �2 þ ðexcited-state contributionsÞ: ð50Þ

The linear projections of the three-point functions are constructed using

S
ð1
2
−ÞV;TV

λ ðp; t; t0Þ ¼ Tr

�
MðλÞμj P

jl
ð1=2ÞC

ð3;fwÞ
l ðp;Γμ

V;TV; t; t
0Þ ð1þ =vÞ

2

�
; ð51Þ

S
ð1
2
−ÞA;TA

λ ðp; t; t0Þ ¼ Tr

�
γ5M

ðλÞ
μj P

jl
ð1=2ÞC

ð3;fwÞ
l ðp;Γμ

A;TA; t; t
0Þ ð1þ =vÞ

2

�
; ð52Þ

where

Mð0Þμj ¼ ϵð0Þμ ϵð0Þj ; ð53Þ

MðþÞμj ¼ ϵðþÞμ ϵð0Þj ; ð54Þ

Mð⊥Þμj ¼
X3
i¼1

ϵð⊥;iÞ
μ ϵð⊥;iÞ

j ; ð55Þ

with the polarization vectors
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ϵð0Þ ¼ ðq0;qÞ; ϵðþÞ ¼ ðjqj; ðq0=jqjÞqÞ; ϵð⊥;jÞ ¼ ð0; ej × qÞ: ð56Þ

To improve the signals, we use the average of the forward three-point function and the Dirac adjoint of the backward three-
point function instead of just Cð3;fwÞ. We then divide out appropriate kinematic factors to obtain

S
ð1
2
−ÞV

0 ðp; t; t0Þ ¼ −
EΛb

mΛb

ðEΛb
−mΛb

ÞðEΛb
þmΛb

ÞðmΛb
þmΛ�c;1=2

ÞS
ð1
2
−ÞV

0 ðp; t; t0Þ

¼ f
ð1
2
−Þ

0 ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð57Þ

S
ð1
2
−ÞV
þ ðp; t; t0Þ ¼ −

EΛb
mΛb

ðEΛb
−mΛb

Þ1=2ðEΛb
þmΛb

Þ3=2ðmΛb
−mΛ�c;1=2

ÞS
ð1
2
−ÞV
þ ðp; t; t0Þ

¼ f
ð1
2
−Þ
þ ZΛ�c;1=2

ðZð1ÞΛb
mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð58Þ

S
ð1
2
−ÞV

⊥ ðp; t; t0Þ ¼ −
EΛb

mΛb

2ðEΛb
−mΛb

ÞðEΛb
þmΛb

Þ2 S
ð1
2
−ÞV

⊥ ðp; t; t0Þ

¼ f
ð1
2
−Þ

⊥ ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð59Þ

FIG. 2. Numerical results for the quantities F
ð1
2
−ÞX

λ ðp; tÞ, defined in Eq. (36), as a function of the source-sink separation, for p ¼
ð0; 0; 2Þ 2πL and for the F004 ensemble. Also shown is R

ð1
2
−ÞV
þ ðp; tÞ, which is used to extract the square of the reference form factor f

ð1
2
−Þ
þ .

The horizontal lines indicate the ranges and extracted values of constant fits.
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S
ð1
2
−ÞA

0 ðp; t; t0Þ ¼ −
EΛb

mΛb

ðEΛb
−mΛb

ÞðEΛb
þmΛb

ÞðmΛb
−mΛ�c;1=2

ÞS
ð1
2
−ÞA

0 ðp; t; t0Þ

¼ g
ð1
2
−Þ

0 ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð60Þ

S
ð1
2
−ÞA
þ ðp; t; t0Þ ¼ −

EΛb
mΛb

ðEΛb
−mΛb

Þ3=2ðEΛb
þmΛb

Þ1=2ðmΛb
þmΛ�c;1=2

ÞS
ð1
2
−ÞA
þ ðp; t; t0Þ

¼ g
ð1
2
−Þ
þ ZΛ�c;1=2

ðZð1ÞΛb
mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð61Þ

S
ð1
2
−ÞA

⊥ ðp; t; t0Þ ¼ EΛb
mΛb

2ðEΛb
−mΛb

Þ2ðEΛb
þmΛb

ÞS
ð1
2
−ÞA

⊥ ðp; t; t0Þ

¼ g
ð1
2
−Þ

⊥ ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð62Þ

S
ð1
2
−ÞTV
þ ðp; t; t0Þ ¼ EΛb

mΛb

ðEΛb
−mΛb

Þ1=2ðEΛb
þmΛb

Þ3=2q2 S
ð1
2
−ÞTV
þ ðp; t; t0Þ

¼ h
ð1
2
−Þ
þ ZΛ�c;1=2

ðZð1ÞΛb
mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð63Þ

FIG. 3. Numerical results for the quantities F
ð3
2
−ÞX

λ ðp; tÞ, defined in Eq. (36), as a function of the source-sink separation, for p ¼
ð0; 0; 2Þ 2πL and for the F004 ensemble. Also shown is R

ð3
2
−ÞV

⊥0 ðp; tÞ, which is used to extract the square of the reference form factor f
ð3
2
−Þ

⊥0 .
The horizontal lines indicate the ranges and extracted values of constant fits.
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S
ð1
2
−ÞTV

⊥ ðp; t; t0Þ ¼ EΛb
mΛb

2ðEΛb
−mΛb

ÞðEΛb
þmΛb

Þ2ðmΛb
−mΛ�c;1=2

ÞS
ð1
2
−ÞTV

⊥ ðp; t; t0Þ

¼ h
ð1
2
−Þ

⊥ ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð64Þ

S
ð1
2
−ÞTA
þ ðp; t; t0Þ ¼ −

EΛb
mΛb

ðEΛb
þmΛb

Þ1=2ðEΛb
−mΛb

Þ3=2q2 S
ð1
2
−ÞTA
þ ðp; t; t0Þ

¼ h̃
ð1
2
−Þ
þ ZΛ�c;1=2

ðZð1ÞΛb
mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð65Þ

S
ð1
2
−ÞTA

⊥ ðp; t; t0Þ ¼ EΛb
mΛb

2ðEΛb
þmΛb

ÞðEΛb
−mΛb

Þ2ðmΛb
þmΛ�c;1=2

ÞS
ð1
2
−ÞTA

⊥ ðp; t; t0Þ

¼ h̃
ð1
2
−Þ

⊥ ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0 þ ðexcited-state contributionsÞ; ð66Þ

such that the unwanted factors of ZΛ�c;1=2
ðZð1ÞΛb

mΛb
þ Zð2ÞΛb

EΛb
Þe−mΛ�

c;1=2
ðt−t0Þ

e−EΛb t
0
cancel in Eq. (36) at large t.

For JP ¼ 1
2
−, we use Xref ¼ V, λref ¼ þ. Sample results

for F
ð1
2
−ÞX

λ ðp; tÞ and our constant fits thereof are shown in
Fig. 2. For JP ¼ 3

2
−, we use Xref ¼ V, λref ¼ ⊥0 as in

Ref. [38]. Sample results for F
ð3
2
−ÞX

λ ðp; tÞ and our constant
fits thereof are shown in Fig. 3. The values of the form

factors obtained from the constant fits are listed in Tables V
and VI. The fits were done individually for each form factor
and take into account the correlations between the data at
different t. The values of χ2=d:o:f. range between approx-
imately 0.5 and 1.0, where typically d:o:f: ¼ 4. The
correlations between the results for different form factors

TABLE V. Values of the Λb → Λ�c;1=2 form factors for each ensemble and for the two different Λb momenta.

Form factor jpj=ð2π=LÞ C01 C005 F004

f
ð1
2
−Þ

0
2 0.592(43) 0.550(54) 0.510(38)
3 0.536(31) 0.496(38) 0.483(29)

f
ð1
2
−Þ
þ

2 0.1843(51) 0.1743(59) 0.1804(47)
3 0.2005(68) 0.1887(80) 0.1990(65)

f
ð1
2
−Þ

⊥
2 0.1728(39) 0.1692(47) 0.1748(37)
3 0.1781(49) 0.1735(58) 0.1837(48)

g
ð1
2
−Þ

0
2 0.2414(55) 0.2324(67) 0.2366(53)
3 0.2521(73) 0.2433(88) 0.2511(71)

g
ð1
2
−Þ
þ

2 0.624(38) 0.601(49) 0.549(36)
3 0.571(29) 0.542(35) 0.522(28)

g
ð1
2
−Þ

⊥
2 1.35(11) 1.27(14) 1.14(10)
3 1.205(80) 1.12(10) 1.063(72)

h
ð1
2
−Þ
þ

2 0.1935(42) 0.1896(52) 0.1956(40)
3 0.1957(52) 0.1908(63) 0.2028(51)

h
ð1
2
−Þ

⊥ 2 0.2065(50) 0.1955(59) 0.2013(47)
3 0.2203(67) 0.2081(79) 0.2172(64)

h̃
ð1
2
−Þ
þ

2 1.32(11) 1.24(14) 1.08(10)
3 1.182(82) 1.09(10) 1.011(74)

h̃
ð1
2
−Þ

⊥
2 0.576(39) 0.555(49) 0.513(36)
3 0.528(29) 0.503(35) 0.486(27)
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and different momenta on a given ensemble were evaluated
using bootstrap resampling.

VI. CHIRAL AND CONTINUUM
EXTRAPOLATIONS OF THE FORM FACTORS

As in Ref. [38], we extrapolate the lattice results for the
form factors to the continuum limit and the physical pion
mass using the model

fðq2Þ ¼ Ff

�
1þ Cf

m2
π −m2

π;phys

ð4πfπÞ2
þDfa2Λ2

�

þ Af

�
1þ C̃f

m2
π −m2

π;phys

ð4πfπÞ2
þ D̃fa2Λ2

�
ðw − 1Þ

ð67Þ

with fit parameters Ff, Af, Cf, Df, C̃f, D̃f for each form
factor f, and using the kinematic variable

wðq2Þ ¼ v · v0 ¼ m2
Λb
þm2

Λ�c − q2

2mΛb
mΛ�c

; ð68Þ

where mΛ�c ¼ mΛ�c;1=2
or mΛ�c ¼ mΛ�c;3=2

depending on the

final state considered. In the physical limit mπ ¼ mπ;phys,
a ¼ 0, the functions reduce to

fðq2Þ ¼ Ff þ Afðw − 1Þ: ð69Þ

This parametrization corresponds to a Taylor expansion of
the shape of the form factors around the end pointw ¼ 1, i.e.,
an expansion in powers of (w − 1); because we have lattice
results for only two different kinematic points nearw ¼ 1.01
andw ¼ 1.03, wework only to first order, and we expect the
parametrization to become unreliable for large (w − 1). Our
results forFf and Af from fits using Eq. (67) are given in the
first two columns of Table VII, and the values and full
covariance matrices (evaluated using bootstrap) are also
provided as Supplemental Material [51]. As can be seen

TABLE VI. Values of the Λb → Λ�c;3=2 form factors for each ensemble and for the two different Λb momenta.

Form factor jpj=ð2π=LÞ C01 C005 F004

f
ð3
2
−Þ

0
2 5.24(40) 4.68(47) 4.28(35)
3 4.70(34) 4.05(35) 3.91(28)

f
ð3
2
−Þ
þ

2 0.0784(45) 0.0670(50) 0.0711(40)
3 0.1074(72) 0.0904(76) 0.0949(60)

f
ð3
2
−Þ

⊥
2 −0.0127ð79Þ −0.0295ð90Þ −0.0280ð72Þ
3 0.046(10) 0.020(11) 0.0205(88)

f
ð3
2
−Þ

⊥0
2 0.0708(24) 0.0693(28) 0.0682(20)
3 0.0658(32) 0.0634(37) 0.0639(27)

g
ð3
2
−Þ

0
2 0.0305(41) 0.0194(48) 0.0216(38)
3 0.0605(60) 0.0451(65) 0.0454(52)

g
ð3
2
−Þ
þ

2 4.41(36) 3.86(42) 3.50(32)
3 3.94(30) 3.33(32) 3.16(25)

g
ð3
2
−Þ

⊥
2 4.34(36) 3.86(42) 3.50(31)
3 3.90(29) 3.36(31) 3.19(24)

g
ð3
2
−Þ

⊥0
2 −0.037ð29Þ −0.048ð31Þ −0.055ð24Þ
3 −0.029ð21Þ −0.044ð23Þ −0.041ð17Þ

h
ð3
2
−Þ
þ

2 −0.0609ð81Þ −0.0733ð93Þ −0.0776ð74Þ
3 −0.004ð10Þ −0.024ð11Þ −0.0296ð87Þ

h
ð3
2
−Þ

⊥
2 0.0490(40) 0.0379(46) 0.0419(36)
3 0.0784(62) 0.0621(66) 0.0652(52)

h
ð3
2
−Þ

⊥0
2 −0.01943ð68Þ −0.01839ð75Þ −0.01954ð59Þ
3 −0.0188ð10Þ −0.0172ð10Þ −0.01925ð87Þ

h̃
ð3
2
−Þ
þ

2 4.43(36) 3.97(42) 3.60(32)
3 3.98(30) 3.45(31) 3.27(25)

h̃
ð3
2
−Þ

⊥
2 4.64(37) 4.06(43) 3.75(32)
3 4.16(31) 3.52(32) 3.40(25)

h̃
ð3
2
−Þ

⊥0
2 0.249(30) 0.223(31) 0.219(24)
3 0.237(25) 0.198(24) 0.218(20)
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in Figs. 4–7, the lattice data are well described by the model.
The fits of the individual form factors have χ2=d:o:f. in the
range from approximately 0.5 to 1.5, wherewe countFf,Af,
Cf, and Df as parameters that are primarily constrained by
the data, such that d:o:f: ¼ 6 − 4 ¼ 2.

Again following Ref. [38], to estimate systematic
uncertainties associated with the chiral and continuum
extrapolations, we also performed “higher-order” fits
including additional terms describing the dependence on
the lattice spacing and pion mass,

fHOðq2Þ ¼ Ff
HO

�
1þ Cf

HO

m2
π −m2

π;phys

ð4πfπÞ2
þHf

HO

m3
π −m3

π;phys

ð4πfπÞ3
þDf

HOa
2Λ2 þ Ef

HOaΛþ Gf
HOa

3Λ3

�

þ Af
HO

�
1þ C̃f

HO

m2
π −m2

π;phys

ð4πfπÞ2
þ H̃f

HO

m3
π −m3

π;phys

ð4πfπÞ3
þ D̃f

HOa
2Λ2 þ Ẽf

HOaΛþ G̃f
HOa

3Λ3

�
ðw − 1Þ: ð70Þ

No priors were used for the parameters Ff, Af, Ff
HO, A

f
HO.

The Gaussian priors for the parameters describing the
lattice-spacing and pion-mass dependence were chosen
as in Ref. [38] except for Ef

HO and Ẽf
HO. These coefficients

describe the effects of the incompleteOðaÞ improvement of
the weak currents in Eq. (32), and here we take the prior
widths for Ef

HO and Ẽf
HO to be two times larger than in

Ref. [38], based on the observation in Ref. [5] that these
effects may be larger for a heavy-to-heavy current than for a
heavy-to-light current. These widths allow for missing
OðaÞ corrections as large as 10% at the coarse lattice
spacing, motivated by the large b-quark momenta used
here. In the higher-order fits, we also multiplied the data for
each form factor with Gaussian random distributions of
central value 1 and appropriate widths to incorporate
estimates of systematic uncertainties associated with the
residual matching factors ρΓ (2% for the vector and axial
vector currents, 4.04% for the tensor currents [10]) and
systematic uncertainties associated with neglecting the
down-up quark-mass difference and QED corrections
[Oððmd −muÞ=ΛÞ ≈ 0.8% and Oðαe:m:Þ ≈ 0.7%]. Further-
more, to include the scale-setting uncertainty, we also
promoted the lattice spacings to fit parameters with
Gaussian priors according to the values and uncertainties
shown in Table I. All of our lattice calculations were
performed with mπL > 4, and we therefore expect finite-
volume effects to be negligible at least for the heavier pion
masses where the Λ�cð2595Þ and Λ�cð2625Þ are well below
strong-decay thresholds. However, we are unable to pro-
vide a quantitative estimate of finite-volume effects in the
extrapolated form factors.
In the physical limit, the higher-order fits reduce to the

same form as in Eq. (69) but with parameters Ff
HO and Af

HO.
Our results for these parameters are given in the last two
columns in Table VII and also in Supplemental Material
[51]. For any observable O, we evaluate the form-factor
systematic uncertainty using

σO;syst ¼ max
�
jOHO −Oj;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jσ2O;HO − σ2Oj

q �
; ð71Þ

where O, σO denote the central value and uncertainty
calculated using fFf; Afg and their covariance matrix, and

TABLE VII. The parameters describing the Λb → Λ�cð2595Þ
and Λb → Λ�cð2625Þ form factors at the physical pion mass and in
the continuum limit. The nominal parameters Ff and Af are used
to evaluate the central values and statistical uncertainties, while
the “higher-order” parameters Ff

HO and Af
HO are used in combi-

nation with the nominal parameters to evaluate systematic
uncertainties as explained in the main text. Files containing
the parameter values and the covariance matrices are provided as
Supplemental Material [51].

f Ff Af Ff
HO Af

HO

f
ð1
2
−Þ

0
0.545(64) −2.21ð66Þ 0.546(75) −2.20ð69Þ

f
ð1
2
−Þ
þ

0.1628(90) 1.16(31) 0.164(14) 1.17(33)

f
ð1
2
−Þ

⊥
0.1690(79) 0.57(25) 0.169(13) 0.58(26)

g
ð1
2
−Þ

0
0.221(11) 0.94(33) 0.221(17) 0.95(35)

g
ð1
2
−Þ
þ

0.582(64) −2.24ð65Þ 0.584(76) −2.23ð68Þ
g
ð1
2
−Þ

⊥
1.22(16) −6.1ð1.9Þ 1.22(18) −6.1ð2.0Þ

h
ð1
2
−Þ
þ

0.1908(89) 0.47(30) 0.191(14) 0.49(32)

h
ð1
2
−Þ

⊥ 0.1860(93) 0.98(28) 0.187(15) 0.98(30)

h̃
ð1
2
−Þ
þ

1.15(16) −5.8ð1.8Þ 1.15(18) −5.7ð1.9Þ
h̃
ð1
2
−Þ

⊥
0.543(62) −2.12ð67Þ 0.544(75) −2.11ð71Þ

f
ð3
2
−Þ

0
4.29(67) −27.3ð8.7Þ 4.31(75) −27.0ð8.8Þ

f
ð3
2
−Þ
þ

0.0498(70) 1.28(27) 0.0504(83) 1.29(29)

f
ð3
2
−Þ

⊥
−0.073ð14Þ 2.52(35) −0.073ð14Þ 2.54(39)

f
ð3
2
−Þ

⊥0
0.0687(40) −0.280ð89Þ 0.0687(59) −0.279ð89Þ

g
ð3
2
−Þ

0
0.0027(35) 1.23(21) 0.0027(36) 1.23(23)

g
ð3
2
−Þ
þ

3.46(58) −24.7ð8.1Þ 3.47(64) −24.5ð8.1Þ
g
ð3
2
−Þ

⊥
3.47(57) −22.6ð7.8Þ 3.49(63) −22.4ð7.9Þ

g
ð3
2
−Þ

⊥0
−0.062ð38Þ 0.62(57) −0.062ð37Þ 0.62(57)

h
ð3
2
−Þ
þ

−0.124ð16Þ 2.51(32) −0.124ð18Þ 2.52(37)

h
ð3
2
−Þ

⊥
0.0208(53) 1.22(23) 0.0210(60) 1.22(25)

h
ð3
2
−Þ

⊥0
−0.0201ð12Þ 0.040(21) −0.0201ð19Þ 0.039(21)

h̃
ð3
2
−Þ
þ

3.58(59) −23.7ð8.1Þ 3.59(66) −23.5ð8.1Þ
h̃
ð3
2
−Þ

⊥
3.72(61) −25.1ð8.2Þ 3.74(69) −24.8ð8.3Þ

h̃
ð3
2
−Þ

⊥0
0.232(49) −0.60ð52Þ 0.235(56) −0.60ð56Þ
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OHO, σ2O;HO denote the central value and uncertainty

calculated using fFf
HO; A

f
HOg and their covariance matrix.

We find that the (vector and axial-vector) form-factor
systematic uncertainties result in an approximately 12 to
13% systematic uncertainty in the Λb → Λ�cð2595Þμ−ν̄
differential decay rate in the kinematic range shown in
Sec. VIII, and 14 to 18% for Λb → Λ�cð2625Þμ−ν̄. Because
the decay rates depend quadratically on the form factors,
this corresponds to “average” systematic uncertainties of
around 6% in the Λb → Λ�cð2595Þ vector and axial-vector
form factors and around 8% for Λb → Λ�cð2625Þ.

VII. COMPARISON WITH ZERO-RECOIL
SUM RULES

At zero recoil (w ¼ 1), approximate sum-rule bounds on
the size of heavy-to-heavy form factors can be derived
using the operator product expansion and heavy-quark
effective theory [24,25,52–55]. In Ref. [24], it was found
that the lattice results for theΛb → Λc form factors with the
JP ¼ 1

2
þ final state (which constitute the “elastic” contri-

bution to the sum rule) almost completely saturate the
bounds derived through order 1=m3, apparently leaving
very little room for “inelastic” contributions from other

FIG. 4. Chiral and continuum extrapolations of the Λb → Λ�cð2595Þ vector and axial vector form factors. The solid magenta curves
show the form factors in the physical limit a ¼ 0,mπ ¼ 135 MeV, with inner light magenta bands indicating the statistical uncertainties
and outer dark magenta bands indicating the total uncertainties. The dashed-dotted, dashed, and dotted curves show the fit functions
evaluated at the lattice spacings and pion masses of the individual data sets C01, C005, and F004, respectively, with uncertainty bands
omitted for clarity.
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final states such as theΛ�cs considered here. However, in the
case of B-meson decays, the size of 1=m4 and 1=m5

corrections has been found to be approximately 33% of
the size of the 1=m2 and 1=m3 terms [25,55]. Allowing for
effects of this size also for Λb decays, the authors of
Ref. [25] then obtained estimates of the size of the inelastic
contributions, which are expected to be dominated by
Λb → Λ�cð2595Þ and Λb → Λ�cð2625Þ.
When expressed in terms of our form-factor definitions

using the relations given in Appendix A 3, Eqs. (46), (48),
(50), and (52) of Ref. [25] become

Finel;1=2 ¼ jfð
1
2
−Þ
þ j2w¼1 þ 2jfð12−Þ⊥ j2w¼1; ð72Þ

Finel;3=2

¼ 1

6

�ðmΛb
þmΛ�c;3=2

Þ2
ðmΛb

−mΛ�c;3=2
Þ2 jf

ð3
2
−Þ
þ j2þ 2jfð32−Þ⊥ j2þ 6jfð32−Þ⊥0 j2

�
w¼1

;

ð73Þ

Ginel;1=2 ¼
1

3
jgð12−Þ0 j2w¼1; ð74Þ

Ginel;3=2 ¼
1

18

ðmΛb
þmΛ�c;3=2

Þ2
ðmΛb

−mΛ�c;3=2
Þ2 jg

ð3
2
−Þ

0 j2w¼1: ð75Þ

The zero-recoil sum-rule estimate obtained in Ref. [25] is

Finel;1=2 þ Finel;3=2 ≈ 0.011þ0.061−0.055 ; ð76Þ

Ginel;1=2 þGinel;3=2 ≈ 0.040þ0.049−0.052 : ð77Þ

Using our lattice-QCD results for the form factors, we find

Finel;1=2 þ Finel;3=2 ¼ 0.093� 0.009stat � 0.012syst; ð78Þ

Ginel;1=2 þGinel;3=2 ¼ 0.0162� 0.0016stat � 0.0020syst:

ð79Þ

Thus, our result for the axial current falls within the range
given in Ref. [25], while our result for the vector current is
slightly above the upper limit.

VIII. Λb → Λ�cl− ν̄ OBSERVABLES

The two-fold differential decay rates of Λb →
Λ�cð2595Þl−ν̄ and Λb → Λ�cð2625Þl−ν̄ in the Standard
Model can be written as

d2ΓðJÞ

dq2d cos θl
¼ AðJÞ þ BðJÞ cos θl þ CðJÞcos2θl; ð80Þ

FIG. 5. Like Fig. 4, but for the Λb → Λ�cð2595Þ tensor form factors.
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FIG. 6. Like Fig. 4, but for the Λb → Λ�cð2625Þ vector and axial vector form factors.
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where θl is the helicity angle of the charged lepton and
AðJÞ, BðJÞ, CðJÞ are functions of q2 only [25]. The J ¼ 1

2
; 3
2

superscript is used to distinguish the Λ�cð2595Þ and
Λ�cð2625Þ final states. The equations for AðJÞ, BðJÞ, and
CðJÞ in terms of the form factors are given in Ref. [25]

(where AðJÞ ¼ ΓðlÞ0 aðJÞl etc.) and can be converted to our
conventions using the relations in Appendix A 3. The
integral over cos θl yields the q2-differential decay rate

dΓðJÞ

dq2
¼ 2AðJÞ þ 2

3
CðJÞ; ð81Þ

and we also consider two angular observables [25]: the
forward-backward asymmetry

AðJÞFB ¼
BðJÞ

dΓðJÞ=dq2
ð82Þ

and the “flat term”

FðJÞH ¼
2ðAðJÞ þ CðJÞÞ
dΓðJÞ=dq2

: ð83Þ

The Standard Model predictions for dΓðJÞ=dq2=jVcbj2
and for the angular observables using our form-factor
results are shown in Fig. 8. Note that at leading order in
heavy-quark effective theory, the differential decay rate for
the J ¼ 1

2
final state would be a factor of 2 smaller than the

differential rate for J ¼ 3
2
, and the lepton-side angular

observables considered here would be equal for both final

FIG. 7. Like Fig. 4, but for the Λb → Λ�cð2625Þ tensor form factors.

STEFAN MEINEL and GUMARO RENDON PHYS. REV. D 103, 094516 (2021)

094516-18



states [25,33]. In contrast, we find the J ¼ 1
2
rate to be

approximately 2.5 times larger than the J ¼ 3
2
rate, and we

find the forward-backward asymmetries to have opposite
signs at high q2. Leading-order HQET is of course expected
to be inadequate for these decays, in which the light degrees
of freedom in the final state have a different angular
momentum than in the initial state. The forms of the

subleading corrections are known [25,33], but we have not
been able to obtain an acceptable HQET fit to the full set of
form factors even when including these corrections, sug-
gesting that sub-subleading terms may also be significant.
In Fig. 9we additionally compare theΛb→Λ�cð2595Þμ−ν̄,

and Λb → Λ�cð2625Þμ−ν̄ differential decay rates with that of
Λb → Λcμ

−ν̄, using the form factors from Ref. [5] for the

FIG. 8. Λb → Λ�cð2595Þl−ν̄ (left) and Λb → Λ�cð2625Þl−ν̄ (right) observables in the high-q2 region calculated in the Standard Model
using our form-factor results. From top to bottom: the differential decay rate divided by jVcbj2, the forward-backward asymmetry, and
the flat term. In each case, we show results for l ¼ μ and l ¼ τ (the results for l ¼ ewould look the same as for l ¼ μ in this kinematic
region). The bands indicate the total (statistical þ systematic) uncertainties.
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latter. For example, at q2 ¼ q2max − 1 GeV2, the Λb →
Λ�cð2595Þμ−ν̄ differential decay rate is approximately 13
times smaller than the Λb → Λcμ

−ν̄ differential decay rate.

IX. CONCLUSIONS

The decays Λb → Λ�cð2595Þl−ν̄ and Λb →
Λ�cð2625Þl−ν̄ are interesting processes that deserve to be
studied in detail, both experimentally and theoretically, to
obtain a more complete picture of b → cl−ν̄ semileptonic
decays. This work contributes to this goal by providing the
first lattice-QCD determination of the complete set of form
factors, albeit only in the vicinity of q2max. The calculation
was made possible by the technology developed initially
for Λb → Λ�ð1520Þ [38]: working in the rest frame of the
Λ�c to avoid mixing with unwanted quantum numbers, and
using an interpolating field with gauge-covariant spatial
derivatives to obtain a good overlap with the Λ�c.
In nature, the Λ�cð2595Þ and Λ�cð2625Þ are narrow reso-

nances decaying through the strong interaction to Λcππ,
withwidths of 2.6ð0.6Þ MeVand< 0.97 MeV, respectively
[23]. These values justify the use of the narrow-width
approximation. In our lattice calculation with three different
pion masses in the range from approximately 300 to
430 MeV, we find that the Λ�c masses are below all possible
strong-decay thresholds, including Σcπ, except perhaps at
the lowest pion mass. Simple chiral-continuum extrapola-
tions of our lattice results for mΛ�cð2595Þ and mΛ�cð2625Þ yield
values in agreement with experiment once systematic
uncertainties are taken into account. The hyperfine splittings
mΛ�cð2625Þ −mΛ�cð2595Þ are also found to be consistent with
experiment.
We use helicity-based definitions of the Λb → Λ�cð2595Þ

and Λb → Λ�cð2625Þ form factors. On each ensemble we
performed calculations for two different Λb momenta
corresponding to w ≈ 1.01 and w ≈ 1.03, where

w ¼ v · v0. The final results for the form factors, obtained
from extrapolations to the continuum limit and physical
pion mass, are parametrized as linear functions of w. These
parametrizations are expected to be accurate only near the
kinematic region where we have lattice data. Our results for
the form factors at w ¼ 1 are compatible (albeit only
marginally in the case of the vector form factors) with
the zero-recoil sum rules given in Ref. [25]. It will also be
interesting to see the impact on unitarity bounds in global
analyses of b → cl−ν̄ form factors [26].
Using our form-factor results, we evaluated the Λb →

Λ�cð2595Þl−ν̄ and Λb → Λ�cð2625Þl−ν̄ differential decay
rates, forward-backward asymmetry, and flat term in
the Standard Model. We find the Λb → Λ�cð2595Þl−ν̄
rates to be approximately 2.5 times higher than the Λb →
Λ�cð2625Þl−ν̄ rates (in the kinematic region considered),
which is opposite to the behavior predicted by leading-order
HQET but consistent with the expectation that subleading
contributions in HQET are important for these types of
decays. While not discussed in detail in this paper, we also
attempted HQET fits at order 1=m [25,33] to our form factor
results, but we did not obtain an acceptable description. We
expect that 1=m2 corrections, which have not yet been
studied for these processes, are also large. This will make it
more challenging to combine experimental data for the
shapes of the muonic decay rates in the entire kinematic
range with the lattice results for the form factors near q2max to
obtain Standard Model predictions for RðΛ�cÞ ¼ BðΛb →
Λ�cτ−ν̄Þ=BðΛb → Λ�cμ−ν̄Þ. Lattice calculations at lower q2,
while still working in the Λ�c rest frame, could be performed
using finer lattices or using a moving-nonrelativistic QCD
action [56] for the b quark. Alternatively, one could use
nonzero Λ�c momenta and explicitly deal with the mixing of
quantum numbers by extracting multiple states using larger
operator bases, see for example Refs. [57,58].
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FIG. 9. Comparison of the Λb → Λcμ
−ν̄, Λb → Λ�cð2595Þμ−ν̄,

and Λb → Λ�cð2625Þμ−ν̄ differential decay rates just below q2max,
calculated in the Standard Model using the form factors from
lattice QCD.
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APPENDIX: RELATIONS BETWEEN DIFFERENT
FORM FACTOR DEFINITIONS

In this Appendix, we provide expressions for the Λb →
Λ�c;1=2 and Λb → Λ�c;3=2 form factors in other definitions
used in the literature (for the vector and axial-vector
currents only) in terms of our form factors. Note that the
overall sign of the form factors for each decay mode
depends on the phase conventions of the states. Thus, in
the following relations, only the relative signs among the
form factors for a specific final state are well determined.

To make this explicit, we introduce factors of σðJPÞ below,
which can take on the values �1.

1. Definition used by Leibovich and Stewart as well as
Pervin, Roberts, and Capstick

We find that the Λb → Λ�c;1=2 form factor definitions in
Ref. [33] are related to ours as

dV1
¼ σ

ð1
2
−Þ

LS f
ð1
2
−Þ

⊥ ; ðA1Þ

dV2
¼ −σð

1
2
−Þ

LS mΛb

�mΛb
þmΛ�c;1=2

q2
f
ð1
2
−Þ

0 þ
mΛb

−mΛ�c;1=2

s−

�
1 −

m2
Λb

−m2
Λ�c;1=2

q2

�
f
ð1
2
−Þ
þ þ
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s−
f
ð1
2
−Þ

⊥
�
; ðA2Þ

dV3
¼ −σð

1
2
−Þ
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q2
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2
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�
; ðA3Þ

dA1
¼ σ

ð1
2
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LS g
ð1
2
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2
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2
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⊥
�
: ðA6Þ

For Λb → Λ�c;3=2, we find

lV1
¼ σ

ð3
2
−Þ

LS

mΛb
mΛ�c;3=2

s−
½fð32−Þ⊥ þ f
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2
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lA3
¼ σ

ð3
2
−Þ
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q2sþs−
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2
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⊥ − 2q2ðmΛb
mΛ�c;3=2

þ s−Þgð
3
2
−Þ

⊥0
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lA4
¼ σ

ð3
2
−Þ

LS g
ð3
2
−Þ

⊥0 : ðA14Þ

Pervin, Roberts, and Capstick [34] use the same definitions as Leibovich and Stewart, with the name replacements
dVi

→ Fi, dAi
→ Gi for the 1

2
− final state and lVi

→ Fi, lAi
→ Gi for the 3

2
− final state.

2. Definition used by Gutsche et al.

We find that the form factor definitions used in Refs. [35,36] are related to ours as follows:
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3. Definition used by Böer et al.

Reference [25] also uses a helicity-based definition,
which we find to be related to ours as
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We also independently derived the Eqs. (B6) of Ref. [25]
(arXiv version 2) which give the relations of the Λb →
Λ�c;3=2 form factors as defined in Ref. [25] to the definition
used by Leibovich and Stewart [33]. We agree with seven
of the eight equations but find the opposite relative sign
for G1=2;0.
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