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Abstract: In the 1990s, very low experimental values for the lifetime ratio τ(Λb)/τ(Bd) trig-
gered a considerable amount of doubt in the applicability of the heavy quark expansion (HQE),
which is based on the assumption of quark-hadron duality (QHD) for inclusive total decay
rates. However, these low values turned out to be the result of purely experimental problems,
and the current HFLAV average reads τ(Λb)/τ(Bd) = 0.969(6). In this work, we present the
Standard Model predictions for the b-baryon lifetimes within the framework of the HQE. In
particular, we include for the first time the contribution of the Darwin term and we update
the estimates for the matrix elements of the dimension-six four-quark operators. Within ex-
perimental and theoretical uncertainties, we find excellent agreement between the data and
the HQE predictions, and thus no indication for any visible violation of QHD. Our numerical
results can be summarised by the ratios τ(Λb)/τ(Bd) = 0.955(14), τ(Ω−b )/τ(Bd) = 1.081(42),
and τ(Ξ0

b)/τ(Ξ−b ) = 0.929(28).
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1 Introduction

Lifetimes are among the most fundamental properties of particles. For weakly decaying
hadrons containing a heavy b-quark, the lifetimes can be determined theoretically within the
framework of the heavy quark expansion (HQE), whose origin goes back to the 1980s [1]; see [2]
for a review. According to the HQE, the total decay rate of a bottom hadron can be described
as an expansion in inverse powers of the heavy quark mass, i.e. in ΛQCD/mb, with ΛQCD being
a typical non-perturbative hadronic scale much smaller than the mass of the b-quark. The
leading term in this expansion is given by the decay of a free b-quark, and is completely inde-
pendent of the decaying hadron. Taking only this contribution into account would therefore
lead to the expectation of equal lifetimes for different b-hadrons. Corrections to this picture,
and thus deviations of the lifetime ratios from one, are suppressed by at least two powers of
the b-quark mass. Without knowing the size of higher-order QCD corrections, and with only
rough estimates for the matrix elements arising in the HQE, the naive expectation in 1986 [1]
was

τ(B+)

τ(Bd)

∣∣∣∣HQE 1986

≈ 1.1 ,
τ(Bs)

τ(Bd)

∣∣∣∣HQE 1986

≈ 1 ,
τ(Λ0

b)

τ(Bd)

∣∣∣∣HQE 1986

≈ 0.96 . (1.1)

Surprisingly, early measurements of the Λ0
b lifetime resulted in values which were considerably

lower than the first theory expectations, as shown in figure 1.1

1The Λ0
b baryon was discovered in 1991 in proton-antiproton collisions by the UA1 collaboration,

based on data taken in 1988/89 [3]. The first measurement of the Λb lifetime was performed by the
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Figure 1: History of the lifetime ratio τ(Λb)/τ(Bd): experiment (lilac) vs. selected theory
predictions: Shifman, Voloshin (1986) [1], Colangelo, De Fazio (1996) [5], Di Pierro, Sachra-
jda, Michael (1999) [6], Huang, Liu, Zhu (1999) [7], Guberina, Melic, Stefancic (1999, 2000)
[8, 9], Franco et al (2002) [10], Gabbiani, Onishchenko, Petrov (2004) [11], Tarantino (2007)
[12], Lenz (2015) [2], Cheng (2018) [13], and this work.

In e.g. 1996, the world average for the Λb lifetime read [5]

τ(Λb) = (1.18± 0.07) ps , (1.2)

which corresponded to a lifetime ratio of

τ(Λb)

τ(Bd)
= (0.75± 0.05) , (1.3)

when using the 1996 world average for the Bd lifetime [5]. As these experimental results were
more than four standard deviations below the naive expectation in eq. (1.1), a considerable
amount of interest was triggered in the theory community, with various efforts made to ac-
commodate the result (1.3) within the HQE. In [7], the possibility of anomalously large matrix
elements of dimension-six four-quark operators in the HQE was suggested, which was, how-
ever, in conflict with the results of [5, 6, 14]; while large contributions from dimension-seven
four-quark operators were considered in [11].

Separately, the validity of the HQE itself was questioned e.g. in [15–17], with [15, 16]
suggesting a violation of local quark-hadron duality (QHD), see e.g. [18] for a brief introduction
to the concept of QHD. However, the proposal in [15, 16] was heavily criticised since it would
have required huge 1/mb corrections, which cannot be reconciled with the operator product
expansion approach, see e.g. [19]. The notion of QHD was introduced in 1975 by Poggio,

ALEPH collaboration in 1992 [4], based on LEP e+e− data taken in 1990/91, and resulting in τ(Λ0
b) =(

1.12+0.32
−0.29(stat.)± 0.16(syst.)

)
ps.
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Quinn, and Weinberg [20] to equate the hadronic process e+ + e− → hadrons with the quark-
level process e+ + e− → quarks. In the case of the total decay rate of a B-hadron, we can
write

Γtot(B) =
∑

all possible hadrons

Γ(B → hadrons + leptons) =
∑

all possible quarks

Γ(B → quarks + leptons) , (1.4)

and QHD-violating contributions in the HQE could correspond to non-perturbative terms such
as exp[−mb/ΛQCD], e.g. [21, 22]. Since an exact proof of QHD would require one to explicitly
solve QCD, which is clearly not possible currently, we can consider two strategies in order
to investigate the possible size of duality-violating effects. Firstly, one could study simplified
models of QCD, like the ’t Hooft model, a 1+1 dimension model for QCD, e.g. [21–26], or
instanton-based and resonance-based models, e.g. [21, 22, 27]. Studies of the ’t Hooft model
indicate the presence of duality-violating terms, albeit at very high orders in the HQE and
thus numerically irrelevant. Nevertheless, it is not clear what stringent conclusions can be
drawn from the study of a 1+1 dimensional model for the real 3+1 dimensional world. The
second approach is purely phenomenological, and is based on comparing experimental data
with precise HQE predictions. In the present work, we follow this latter strategy.

Ultimately, it turned out that the low values for the Λb lifetime were purely an experimental
problem, and the current world average for τ(Λb)/τ(Bd) [28] now agrees perfectly with the
estimates from 1986. This is clearly shown in figure 1, where we plot the time evolution of the
experimental measurements for this observable, from 1992 onwards, in comparison to selected
theory predictions [1, 2, 5–13], as well as our result. Based on the measurements in [29–50],
HFLAV [51] quotes for the lifetimes of different weakly decaying b-baryons the precise values
listed in table 1 and the lifetime ratios listed in table 2.

Λ0
b Ξ0

b Ξ−b Ω−b B0
d

τ [ps] 1.471± 0.009 1.480± 0.030 1.572± 0.040 1.64+0.18
−0.17 1.519± 0.004

Γ [ps−1] 0.680± 0.004 0.676± 0.014 0.636± 0.016 0.610+0.070
−0.066 0.636± 0.016

Table 1: HFLAV averages of the experimental determinations of b-baryon lifetimes [51]. We
also include the most recent value of the B0

d meson lifetime, which we use in our predictions
for the lifetime ratios with the baryons.

τ(Λ0
b)/τ(B0

d) 0.969± 0.006

τ(Ξ0
b)/τ(Ξ−b ) 0.929± 0.028

Table 2: HFLAV averages of the experimental determinations of b-baryon lifetime ratios [51].
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In this paper, we present theory predictions for the lifetimes of baryons containing a
heavy b-quark, as a continuation of our work on the study of lifetimes of D mesons [52, 53], B
mesons [54], and charmed baryons [53]. Besides implementing for the first time the recently
determined Wilson coefficient of the Darwin operator [55–58], we include radiative QCD cor-
rections to the Wilson coefficients, where available, and update all the relevant numerical
inputs, including new estimates for the non-perturbative matrix elements. We present pre-
dictions for the decay rates of the Λ0

b , Ξ0
b , Ξ−b , and Ω−b baryons, and their lifetime ratios, as

well as lifetime ratios of these baryons with the B0
d meson. Within uncertainties, our results

are in excellent agreement with the experimental data. Moreover, we give predictions for the
inclusive b-baryon semileptonic branching fractions, although in this case there are no current
experimental determinations.

The remainder of the paper is structured as follows. In section 2 we present the theo-
retical framework. Specifically, in section 2.1, we briefly describe the structure of the HQE,
followed by the discussion of short-distance contributions in section 2.2, and the analysis of
non-perturbative matrix elements in section 2.3. Section 3 contains the description of the
numerical analysis and our predictions for the b-baryon lifetimes, lifetime ratios, and semilep-
tonic branching fractions. We conclude in section 4. Appendix A contains numerical values
of the input parameters used in the analysis, while in appendix B, we provide the analytical
expressions at LO-QCD for the dimension-six four-quark operator contributions.

2 Theoretical framework

2.1 Effective Hamiltonian and HQE

Weak b-quark decays can be described by the effective Hamiltonian [59]

Heff = HNL
eff +HSL

eff +Hrare
eff . (2.1)

In the above equation, HNL
eff parametrises the contribution of non-leptonic b-quark transitions

HNL
eff =

GF√
2

∑
q3=d,s

[ ∑
q1,2=u,c

λq1q2q3

(
C1(µ1)Qq1q2q3

1 + C2(µ1)Qq1q2q3
2

)
− λq3

∑
j=3,...,6,8

Cj(µ1)Qq3
j

]
+ h.c. ,

(2.2)

where λq1q2q3 = V ∗q1bVq2q3 and λq3 = V ∗tbVtq3 stand for the corresponding CKM factors, Ci(µ1)

denote the Wilson coefficients of the ∆B = 1 effective operators evaluated at the renormal-
isation scale µ1 ∼ mb. Qq1q2q3

1,2 and Qq3
j , with j = 3, . . . , 6, and Qq

8, respectively denote the
current-current,2 penguin, and chromomagnetic operators, and are explicitly

Qq1q2q3
1 =

(
b̄i Γµ q

i
1

) (
q̄j2 Γµ qj3

)
, Qq1q2q3

2 =
(
b̄i Γµ q

j
1

) (
q̄j2 Γµ qi3

)
, (2.3)

2Note that Qq1q2q31 in our notation is the colour-singlet operator, following [52, 54] and contrary to e.g. [53,
59].
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Qq3
3 = (b̄i Γµ q

i
3)
∑
q

(q̄j Γµ qj) , Qq3
4 = (b̄i Γµ q

j
3)
∑
q

(q̄j Γµ qi) ,

Qq3
5 = (b̄i Γµ q

i
3)
∑
q

(q̄j Γµ+ q
j) , Qq3

6 = (b̄i Γµ q
j
3)
∑
q

(q̄j Γµ+ q
i) , (2.4)

Qq3
8 =

gs
8π2

mb

(
b̄i σµν(1− γ5)taij q

j
3

)
Ga
µν , (2.5)

with Γµ = γµ(1 − γ5), Γµ+ = γµ(1 + γ5), and σµν = (i/2)[γµ, γν ], while i, j = 1, 2, 3, are
SU(3)c indices for the quark fields. Moreover, in eq. (2.5), gs denotes the strong coupling, and
Gµν = Ga

µνt
a for a = 1, . . . , 8 is the gluon field strength tensor. A comparison of the values

of the Wilson coefficients for different choices of the scale µ1 at LO- and NLO-QCD [59] is
shown in table 8 in appendix A.

The second term in eq. (2.1) describes the contribution to the effective Hamiltonian due
to semileptonic b-quark decays, i.e.

HSL
eff =

GF√
2

∑
q1=u,c

∑
`=e,µ,τ

V ∗q1bQ
q1` + h.c. , (2.6)

with the semileptonic operator

Qq1` =
(
b̄i Γµ q

i
1

)
(ν̄` Γµ `) . (2.7)

Finally, Hrare
eff in eq. (2.2) encodes the contribution due to suppressed b-quark transitions, which

are only relevant for the study of rare decays such as Λb → Λγ or Λb → Λ`+`−. These modes
have very small branching fractions, below the current theoretical sensitivity for lifetimes, and
so the effect of Hrare

eff is neglected in this work.
The total decay width of a b-baryon B, with mass MB and four-momentum pB, reads

Γ(B) =
1

2MB

∑
X

∫
PS

(2π)4δ(4)(pB − pX) |〈X(pX)|Heff |H(pB)〉|2, (2.8)

where a summation over all possible final states X into which the b-baryon can decay has
been performed, with PS denoting the corresponding phase space integration. Using the
optical theorem, Γ(B) can be related to the imaginary part of the forward scattering matrix
element of the time-ordered product of the double insertion of the effective Hamiltonian, i.e.

Γ(B) =
1

2MB
Im〈B|T |B〉 , (2.9)

with the transition operator defined as

T = i

∫
d4xT {Heff(x) ,Heff(0)} . (2.10)

The non-local operator in eq. (2.10) can then be evaluated by exploiting the fact that the
b-quark is heavy, i.e. mb � ΛQCD, where ΛQCD defines a typical non-perturbative hadronic
scale. In the framework of the HQE [1, 2, 60–67], the b-quark momentum is decomposed as

pµb = mbv
µ + kµ , (2.11)
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where v = pB/MB is the four-velocity of the b-baryon. The residual momentum k in (2.11)
accounts for non-perturbative interactions of the b-quark with the light degrees of freedom,
i.e. soft gluons and quarks, inside the hadron, so k ∼ ΛQCD. Moreover, the heavy b-quark field
is parametrised as

b(x) = e−imbv·xbv(x) , (2.12)

by factoring out the large component of its momentum and introducing a rescaled field bv(x),
which contains only low oscillation frequencies of order k. This field satisfies

iDµb(x) = e−imbv·x(mbvµ + iDµ)bv(x) , (2.13)

so that the action of the covariant derivative Dµ = ∂µ − igsAaµ ta also contains a large contri-
bution proportional to the heavy quark mass alongside a residual term of order ΛQCD. The
rescaled field bv(x) is related to the heavy quark effective theory (HQET) field hv(x), see
e.g. [68], by

bv(x) = hv(x) +
i /D⊥
2mb

hv(x) +O
(

1

m2
b

)
, (2.14)

with Dµ
⊥ = Dµ − (v · D) vµ. Finally, taking into account eqs. (2.11)-(2.13), the total decay

width in eq. (2.9) can be systematically expanded in inverse powers of the heavy b-quark mass,
leading to the HQE series, which schematically reads

Γ(B) = Γ3 + Γ5
〈O5〉
m2
b

+ Γ6
〈O6〉
m3
b

+ ...+ 16π2

(
Γ̃6
〈Õ6〉
m3
b

+ Γ̃7
〈Õ7〉
m4
b

+ ...

)
. (2.15)

Here, the Γd are short-distance functions, which can be computed perturbatively in QCD, i.e.

Γd = Γ
(0)
d +

αs
4π

Γ
(1)
d +

(αs
4π

)2

Γ
(2)
d + . . . , (2.16)

while 〈Od〉 ≡ 〈B|Od|B〉/(2MB) denote the matrix elements of the corresponding ∆B = 0

operators Od of dimension d in the effective theory. Note that, starting from order 1/m3
b , both

two- and four-quark operator contributions appear. The latter originate from loop-enhanced
diagrams, as reflected by the explicit factor of 16π2 in eq. (2.15), and, to avoid confusion in
the notation, we use a tilde to label them.

2.2 Short-distance contributions

In this section, we give a brief summary of the short-distance contributions, cf. eqs. (2.15,
2.16), included in our analysis. For more details we refer to the recent studies [52–54].3

The coefficients Γd, Γ̃d are analytic functions of the masses of the internal fermions running
in the loops. In our analysis, we only include the contribution of the charm-quark and tau-
lepton masses, expressed in terms of the two dimensionless parameters

xc =
m2
c

m2
b

, xτ =
m2
τ

m2
b

. (2.17)

3There are some differences in the structure of the HQE for charmed hadrons [52, 53] as opposed to the b
sector; see also [69, 70].

– 6 –



As m2
s/m

2
b ≈ m2

µ/m
2
b ∼ 0.05%, the effect of non-vanishing strange-quark and muon masses is

far below the current theoretical accuracy, and hence can be safely neglected.4 The leading
contribution to the b-baryon total width, Γ3 in eq. (2.15), is obtained by computing the free
b-quark decay, and can be compactly expressed as

Γ3 = Γ0 c3 = Γ0

(
c

(0)
3 +

αs
4π
c

(1)
3 + . . .

)
, (2.18)

where
Γ0 =

G2
F m

5
b

192π3
|Vcb|2 , (2.19)

and
c3 = C3,SL + 3C2

1 C3,11 + 2C1C2 C3,12 + 3C2
2 C3,22 + CiCj CP3,ij . (2.20)

Above, a summation over all possible non-leptonic and semileptonic modes of the b-quark
is implicitly assumed, and we have denoted by CP3,ij, with i = 1, 2, and j = 3, . . . , 6, 8, the
contribution due to the mixed insertion of the current-current and penguin or chromomagnetic
operators. For semileptonic modes, α3

s-corrections have been computed [71, 72]; however,
as the accuracy for non-leptonic modes reaches only NLO-QCD, we perform our analysis
consistently at this order and do not include the new results for C3,SL. Moreover, following
a common counting adopted in the literature [73, 74], the contribution of the penguin and
chromomagnetic operators is treated as a next-to-leading order effect, i.e. CP3,ij = 0 at LO-
QCD, owing to the small size of the corresponding Wilson coefficients. The result for c3 at LO
can be found e.g. in [53, 56]. As for the NLO corrections, the analytical expressions for C3,11,
C3,22, and C3,SL can be extracted from [75], where the computation has been performed for
three different final state masses, while those for C3,12 are derived from the results presented
in [76] in the case of the b→ cc̄s transition, and in [77] for the remaining modes. Finally the
results for CP3,ij are taken from [76].

Power corrections due to two-quark operators are obtained by including the effect of soft
gluons as well as the 1/mb-expansion of lower-dimensional matrix elements. At order 1/m2

b ,
the corresponding contribution can be schematically written as

Γ5
〈O5〉
m2
b

= Γ0

[
cπ
〈Oπ〉
m2
b

+ cG
〈OG〉
m2
b

]
, (2.21)

where the matrix elements of the kinetic and chromomagnetic operators5, given explicitly in
eqs. (2.56, 2.57), are discussed in section 2.3. In our analysis, again for consistency, we include
the coefficients cπ and cG only at LO-QCD, since αs-corrections have so far been determined
only for the semileptonic channels [78]. The coefficient of the kinetic operator is related to

4However, we do include strange quark mass corrections in the non-perturbative input, where these effects
are much more pronounced, in order to account for SU(3)F -breaking.

5Note that, with a little abuse of notation, we refer to both Qq38 and OG as chromomagnetic operators.
However, as they arise respectively in the ∆B = 1 and ∆B = 0 effective theory, it should be clear from the
context to which one we refer.

– 7 –



that of dimension-three by a purely numerical factor, cπ = −c(0)
3 /2, while the coefficient cG

can be decomposed as

cG = CG,SL + 3C2
1 CG,11 + 2C1C2 CG,12 + 3C2

2 CG,22 , (2.22)

where again a summation over all possible b-quark modes is implied. The expressions for the
non-leptonic channels CG,ij, originally computed in [64, 65, 79], can be found e.g. in [53, 56],
while the semileptonic coefficient CG,SL is taken from the general result for two different final
state masses presented e.g. in the appendix of [80], and first determined in [81, 82].

At order 1/m3
b , both two- and four-quark operators contribute, cf. eq. (2.16). For the

former, we can compactly write6

Γ6
〈O6〉
m3
b

= Γ0 cρD
〈OD〉
m3
b

, (2.23)

where the matrix element of the Darwin operator is defined in eq. (2.58), while the corre-
sponding short-distance coefficient can be decomposed as

cρD = CρD,SL + 3C2
1 CρD,11 + 2C1C2 CρD,12 + 3C2

2 CρD,22 , (2.24)

summing again over all b-quark decay modes. As NLO-QCD corrections are only available
for semileptonic decays [84–86], the accuracy in our analysis again extends to only LO-QCD,
identically to the dimension-five contributions. The complete expressions of CρD,ij for all non-
leptonic channels have been obtained recently in [55–58], while the coefficient CρD,SL, first
computed in [87], can be read off the general results for the case of two different final state
masses presented e.g. in [86, 88]. It is worth emphasising that the coefficient of the Darwin
operator is one order of magnitude larger than the corresponding ones at dimension-five.
However, as shown in detail in [56], this in fact follows from an accidental suppression of the
dimension-five coefficients, rather than an enhancement of the Darwin term. Therefore, the
contribution of the Darwin operator, neglected in previous phenomenological studies, turns
out to be an important ingredient in the theoretical prediction of the b-baryon lifetimes, see
section 3, and of B meson lifetimes [54].

The short-distance coefficients due to four-quark operators are obtained by computing, at
LO-QCD, the discontinuity of the one-loop diagrams shown in figure 2, commonly denoted
in the literature as destructive Pauli interference (int−), weak-exchange (exc), and construc-
tive Pauli interference (int+), respectively.7 Taking into account the different topologies, the

6Formally, at dimension-six the basis also includes the spin-orbit operator OLS. However, by adopting
definitions in terms of full covariant derivatives rather than transversal ones, the contribution of OLS to the
total decay width vanishes. For more detail, see e.g. [83].

7For B mesons, the corresponding topologies are respectively denoted by weak-exchange (WE), Pauli in-
terference (PI) and weak annihilation (WA). Hence, when translating results from baryons to mesons and
vice-versa, the following replacements should be adopted: int− ↔ WE, exc ↔ PI, and int+ ↔ WA [53].
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b
q1

b

q2

q3 q3

u, d, s

b
q1

b

q3

q2 q2

u, d, s

b

q3, ℓ

b

q2, νℓ

q1 q1

u, d, s

Figure 2: Diagrams corresponding, from left to right, to the int−, exc, and int+ topologies
at LO-QCD. The numbering scheme for quarks follows that in eq. (2.3), so that q1,2 are
up-type quarks and q3 is down-type. Note that semileptonic contributions only arise in the
int+ topology. Disregarding the second, non-interacting spectator quark, these topologies are
related by crossing to those in meson decays, cf. footnote 7.

dimension-six contribution from four-quark operators can be compactly written as

16π2 Γ̃6
〈Õ6〉
m3
b

=
∑

q1,q2,q3

[
Γ̃q3

6,int−
(xq1 , xq2) + Γ̃q26,exc(xq1 , xq3) + Γ̃q1

6,int+
(xq2 , xq3)

]
+
∑
q1,`

Γ̃q1
6,int+

(x`, xν`) ,

(2.25)

where Γ̃q6,T (xf1 , xf2) denotes the imaginary part of the diagram with topology T , with external
light quark q and internal fermions f1, f2, while xfi = m2

fi
/m2

b , where mfi is the corresponding
fermion mass. Note that eq. (2.25) implies that, contrary to the corrections described so
far, contributions to specific b-baryons differ not only due to different states appearing in the
respective matrix elements, but also due to different short-distance coefficients. In light of
this, and of the formal loop enhancement with respect to two-quark operators, the effect of
four-quark operators was expected to give the dominant correction to the total widths, and in
particular to the lifetime ratios, see e.g. [89, 90].

The functions Γ̃q6,T (xf1 , xf2) in eq. (2.25) can be further decomposed as follows:

Γ̃q6,T (xf1 , xf2) = Γ0

4∑
i=1

ci6,T (xf1 , xf2)
〈Oqi 〉
m3
b

, (2.26)

with Oq1,...,4 denoting an appropriate set of four-quark operators, cf. eqs. (2.32)-(2.33), and
recall the short-hand notation 〈Oqi 〉 ≡ 〈B|O

q
i |B〉/(2MB). For a comprehensive discussion of

these matrix elements, we refer to section 2.3.8 The complete expressions for the coefficients
c i

6,int−
(xq1 , xq2) and c i6,exc(xq1 , xq3) up to NLO-QCD corrections, including also the contribution

of the penguin and chromomagnetic operators, have been computed in [10] for four-quark
operators defined in HQET.9 The results for c i

6,int+
(xq2 , xq3) can be obtained, by means of a

8Note that when comparing with the basis presented in section 2.3, one should make the identifications
Oq3 = Õq1 and Oq4 = Õq2.

9Partial NLO results in the case of operators defined in QCD can be found in [10, 91].
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Fierz transformation, from the corresponding ones for c i
6,int−

(xq1 , xq2) by replacing C1 ↔ C2,
while for semileptonic modes, the NLO-corrections to the coefficients c i

6,int+
(x`, xν`) have been

determined in [92]. Because of the different terminology used to denote the same loop diagrams
in baryons and mesons, in appendix B we present the LO-QCD expressions for the functions
Γ̃q6,T (xf1 , xf2) given in eq. (2.25).

Considering all possible contractions in the time-ordered product in eq. (2.10), the com-
plete dimension-six four-quark operator contributions to Γ(B), included in our analysis, re-
spectively read

16π2 Γ̃6

〈Õ6〉Λ0
b

m3
b

=
[
Γ̃u6,exc(xc, xd) + Γ̃u6,exc(xc, xs) + Γ̃u6,exc(xu, xd) + Γ̃u6,exc(xu, xs)

+ Γ̃d6,int−(xc, xu) + Γ̃d6,int−(xc, xc) + Γ̃d6,int−(xu, xu) + Γ̃d6,int−(xu, xc)

+ Γ̃u6,int+(xu, xd) + Γ̃u6,int+(xc, xs) + Γ̃u6,int+(xu, xs) + Γ̃u6,int+(xc, xd)

+ Γ̃u6,int+(xτ , xντ ) + Γ̃u6,int+(xµ, xνµ) + Γ̃u6,int+(xe, xνe)
]

Λ0
b

, (2.27)

16π2 Γ̃6

〈Õ6〉Ξ0
b

m3
b

=
[
Γ̃u6,exc(xc, xd) + Γ̃u6,exc(xc, xs) + Γ̃u6,exc(xu, xd) + Γ̃u6,exc(xu, xs)

+ Γ̃s6,int−(xc, xc) + Γ̃s6,int−(xc, xu) + Γ̃s6,int−(xu, xc) + Γ̃s6,int−(xu, xu)

+ Γ̃u6,int+(xu, xd) + Γ̃u6,int+(xc, xs) + Γ̃u6,int+(xu, xs) + Γ̃u6,int+(xc, xd)

+ Γ̃u6,int+(xτ , xντ ) + Γ̃u6,int+(xµ, xνµ) + Γ̃u6,int+(xe, xνe)
]

Ξ0
b

, (2.28)

16π2 Γ̃6

〈Õ6〉Ξ−b
m3
b

=
[
Γ̃d6,int−(xc, xu) + Γ̃s6,int−(xc, xc) + Γ̃s6,int−(xc, xu) + Γ̃d6,int−(xc, xc)

+ Γ̃d6,int−(xu, xu) + Γ̃s6,int−(xu, xc) + Γ̃s6,int−(xu, xu) + Γ̃d6,int−(xu, xc)
]

Ξ−b

, (2.29)

16π2 Γ̃6

〈Õ6〉Ω−b
m3
b

=
[
Γ̃s6,int−(xc, xc) + Γ̃s6,int−(xc, xu) + Γ̃s6,int−(xu, xc) + Γ̃s6,int−(xu, xu)

]
Ω−b

,

(2.30)

where we have now explicitly indicated the specific baryon appearing in the corresponding
matrix elements. We stress that the results in eqs. (2.27)-(2.30) do not take into account
contributions in which the light quark in the four-quark operators differs from the spectator
quarks in the b-baryon, the so-called ‘eye contractions’. These have been recently computed for
mesons in [93], but they are still unknown for baryons. However, as they constitute subleading
corrections to the dimension-six contribution, we expect their effect to go beyond the current
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accuracy of our study. Moreover, in our numerical analysis we only keep non-vanishing the
masses of the charm quark and of the tau-lepton, i.e. we set xu,d,s = xµ,e,ν` = 0, cf. eq. (2.17).

Note that, in eqs. (2.27)-(2.30), the non-leptonic contributions have been ordered by topol-
ogy, and within each topology we have listed the terms in order of their CKM hierarchy. In
particular, the leading contributions to the Λ0

b and Ξ0
b decay widths arise from the int− and

exc topologies. As for the semileptonic contributions, they can only arise in the int+ topology,
and, since we do not include the eye contractions, they only enter the decay width of the
Λ0
b and Ξ0

b baryons, see the last line of eqs. (2.27), (2.28), and not that of the Ξ−b or Ω−b .
However, the semileptonic contributions give a negligible numerical effect to the total widths,
and in particular do not generate any significant splitting between the semileptonic branching
fractions of b-baryons, as expected because of the strong CKM suppression |Vub|2 � |Vcb|2.
Thus, within our current sensitivity, any difference between the semileptonic branching frac-
tions of b-baryons can arise only from SU(3)F effects in the matrix elements of the two-quark
operators.

In section 3, we present our predictions for the lifetimes ratios of the b-baryons with the
Bd meson. For completeness, in order to facilitate the comparison, the corresponding leading
dimension-six four-quark contribution for the latter is [54]

16π2 Γ̃6
〈Õ6〉Bd
m3
b

=
[
Γ̃d6,WE(xc, xu) + Γ̃d6,WE(xc, xc) + Γ̃d6,WE(xu, xu) + Γ̃d6,WE(xu, xc)

]
Bd
. (2.31)

Finally, at order 1/m4
b , the short-distance contributions due to four-quark operators are

also known in the literature, albeit only at LO-QCD, see e.g. [52]. They have been determined
in [11, 94] for operators defined in QCD10 and also in [54, 92] for the HQET operators. How-
ever, as compared with our previous studies [52–54], we do not include the subleading 1/mb

corrections to the four-quark matrix elements in our central values for the total widths, pre-
ferring instead to treat these contributions as part of the uncertainty estimate. The reason for
this is the absence of a consistent procedure to determine the corresponding matrix elements
for baryons, particularly in HQET, due to a proliferation of the dimension-seven operators,
see e.g. [68], and in contrast to the case of mesons, where the vacuum insertion approxima-
tion (VIA) provides a first estimate. This problem was extensively discussed in [53]. Moreover,
other 1/m4

b corrections are also missing, namely those due to two-quark operators, which so
far are known only for semileptonic b-quark decays [83, 95–97], and those to the dimension-six
matrix elements, see section 2.3. As a result, a complete analysis of the b-baryon lifetimes up
to this order is currently not possible. Given that, in the b-system, power corrections prove to
be well under control, we consider it more justified in this work to treat the 1/m4

b contributions
as an additional source of uncertainty, rather than trying to include them in the central values
for lifetimes with only partial, and potentially misleading, estimates for the dimension-seven
matrix elements.

10Some inconsistencies in the expressions of [11, 94] were identified in [54], cf. footnote 8 therein.

– 11 –



2.3 Non-perturbative Matrix Elements

In this section, we present our determinations of the hadronic parameters. It is convenient to
first consider the matrix elements of the four-quark operators, followed by the discussion of
the two-quark matrix elements µ2

π(B), µ2
G(B), ρ3

D(B).
A basis of dimension-six four-quark operators in HQET suitable for the b-baryons is [90]11

Oq1 = (h̄ivγµ(1− γ5)qi)(q̄jγµ(1− γ5)hjv) , Oq2 = (h̄iv(1− γ5)qi)(q̄j(1 + γ5)hjv) , (2.32)

Õq1 = (h̄ivγµ(1− γ5)qj)(q̄jγµ(1− γ5)hiv) , Õq2 = (h̄iv(1− γ5)qj)(q̄j(1 + γ5)hiv) , (2.33)

with q labeling the light quark in the corresponding operator, i.e. q = u, d, s. Note that the
colour-rearranged operators Õq1,2 are related to the colour-octet ones commonly adopted in
studies of heavy meson lifetimes, see e.g. [52–54], by the completeness property of the SU(3)c
generators

taijt
a
lm =

1

2

(
δimδjl −

1

Nc

δijδlm

)
. (2.34)

The usefulness of the choice of basis in eqs. (2.32), (2.33) is exhibited by the relations

〈B|Õqi |B〉 = −B̃q
i 〈B|O

q
i |B〉 , i = 1, 2 , (2.35)

where, assuming the valence quark approximation, the total colour antisymmetry of the baryon
wave function imposes B̃q

i = 1 [90]. In our study, we consider a universal parameter B̃q
i ≡ B̃,12

with B̃ = 1 valid at a typical hadronic scale µh � mb. When performing the numerical
analysis, we vary this scale in the range 1 GeV ≤ µh ≤ 1.5 GeV, while taking as our reference
value µh = 1.5 GeV.

In order to estimate the matrix elements on the r.h.s. of eq. (2.35), we adopt the non-
relativistic constituent quark model (NRCQM), according to which the matrix elements of
the colour-singlet four-quark operators can be expressed, in terms of baryon wave functions
evaluated at the origin, as

〈Tb|Oq1|Tb〉
2MTb

= −|ΨTb(0)|2 ,
〈Tb|Oq2|Tb〉

2MTb
=

1

2
|ΨTb(0)|2 , (2.36)

for the SU(3)F triplet Tb = (Λ0
b ,Ξ

−
b ,Ξ

0
b), and

〈Ω−b |Os1|Ω
−
b 〉

2MΩ−b

= −6|ΨΩ−b (0)|2 ,
〈Ω−b |Os2|Ω

−
b 〉

2MΩ−b

= −|ΨΩ−b (0)|2 , (2.37)

for the Ω−b . It should be emphasised that the constituent quark picture provides access only
to the valence quark contributions, for which the field of a light quark within the operator
matches at least one of the baryon valence quarks. The missing non-valence contributions are,

11The recent study [53] made use of the QCD basis of operators instead.
12In general, B̃q1 = B̃q2 +O(1/mb), and B̃u,d 6= B̃s, but we neglect these subleading corrections.
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however, expected to provide subleading corrections. Hence, in (2.36), it should be understood
that the relations are valid only when the light quark q in the operator Oqi matches one of the
valence quarks in the baryon Tb, and the matrix element is otherwise taken to be zero, and
similarly in (2.37) for the Ω−b .

We stress that, apart from the exploratory study in [6], which has never been followed up,
there are no lattice determinations for the four-quark baryonic matrix elements available. A
computation for the Λ0

b , within HQET sum rules, was performed in [5]. In contrast to the case
of B mesons, where one can set up a sum rule for the small deviation of the bag parameter from
one [93, 98–100], for baryons one can only write down sum rules for the whole matrix element.
Thus, the baryon case may be sensitive to stability issues often associated with three-point
sum rules [101]. Moreover, the sum rule work in [5] does not yet include NLO-QCD effects.
These corrections can be large, as was shown in the HQET sum rule calculation of the two-
point correlator [102], entering also the computation of the four-quark matrix element, where
the αs-contributions appear to be of a similar size to the leading contribution. Very recently,
the four-quark Λ0

b matrix elements were also determined with QCD sum rules [103], confirming
the relatively small values obtained by the HQET sum rules in [5].13 We are not aware of sum
rule determinations of the matrix elements of the Ξ0

b , Ξ−b , or Ω−b baryons. Therefore, in this
work, we choose to consistently apply the NRCQM to calculate the matrix elements of the
dimension-six four-quark operators for all the baryons considered. For comparison, however,
we briefly discuss the numerical impact of the sum rule determination from [5] on the Λ0

b

lifetime in section 3.
Following the standard approach proposed by de Rujula, Georgi, and Glashow [104], the

baryon wave functions can be extracted from the known values of hyperfine mass splittings [14,
105–107]. In the NRCQM, the hyperfine splittings are controlled by the short-distance gluon
exchange between the constituent quarks. For a generic hadron H, the mass MH can be
expressed as

MH = M0 + 〈Hspin〉 , (2.38)

whereM0 contains the spin-independent contributions, including the constituent quark masses
and the binding energies. The spin-dependent terms are, for the ground state (L = 0) hadrons,
given as

Hspin, baryons =
∑
i>j

16παs
9

(~si · ~sj)
m b
i m

b
j

δ3(~rij) , (2.39)

Hspin,mesons =
32παs

9

(~si · ~sj)
mm
i mm

j

δ3(~rij) , (2.40)

where i, j, label the constituent quarks in the hadron, with masses m b
i and mm

i respectively for
baryons and mesons, while ~si denotes the corresponding quark spin operator. When evaluating
the expectation value in eq. (2.38) for a given hadronic state, the delta functions in eqs. (2.39),

13A separate sum rule calculation in [7] was able to accommodate the then very low experimental values of
the τ(Λ0

b)/τ(Bd) lifetime ratio, at the expense of an anomalously large four-quark contribution; see figure 1.
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(2.40) result in the modulus squared of the hadron wave function at the origin, |ΨH(0)|2, and
the light quarks in b-baryons are taken to form a diquark spin state. Note that we do not
assume the constituent quark masses within mesons and baryons to be equal, i.e. mm

i 6= m b
i ,

but instead take their values as used in the fit to hadronic masses [108].
Following the approach of Rosner [14], the wave functions appearing in eqs. (2.36), (2.37)

are extracted using the hyperfine splittings between the positive-parity spin-3/2 and spin-1/2
bottom baryons. For example, for the Λb baryon, this results in the relation14

MΣ∗b
−MΣb =

16παs
m b
b m

b
q̃

3

2
|ΨΛb(0)|2 , (2.41)

with q̃ = u, d, while the corresponding relations for |ΨΞb(0)|2, and |ΨΩb(0)|2, involve the
hyperfine splittingsMΞ∗b

−MΞ′b
, andMΩ∗b

−MΩb , respectively. After normalising these relations
to the analogous expressions involving the meson mass splittings, we can express the matrix
elements in eqs. (2.36), (2.37), in terms of B-meson wave functions15 as

〈Λb|Oq̃1|Λb〉
2MΛb

= −yq̃
4

3

MΣ∗b
−MΣb

MB∗ −MB

|ΨB(0)|2 , (2.42)

〈Ξ0
b |Ou1 |Ξ0

b〉
2MΞb

=
〈Ξ−b |Od1|Ξ

−
b 〉

2MΞb

= −yq̃
4

3

MΞ∗b
−MΞ′b

MB∗ −MB

|ΨB(0)|2 , (2.43)

〈Ξ−b |Os1|Ξ
−
b 〉

2MΞb

=
〈Ξ0

b |Os1|Ξ0
b〉

2MΞb

= −ys
4

3

MΞ∗b
−MΞ′b

MB∗s −MBs

|ΨBs(0)|2 , (2.44)

〈Ω−b |Os1|Ω
−
b 〉

2MΩb

= −ys 6
4

3

MΩ∗b
−MΩb

MB∗s −MBs

|ΨBs(0)|2 , (2.45)

where yq̃, ys, denote ratios of the constituent quark masses in baryons and mesons [108]

yq̃ =
m b
b m

b
q̃

mm
b mm

q̃

' 1.18 , ys =
m b
b m

b
s

mm
b mm

s

' 1.12 . (2.46)

The ratios of the mass splittings,

rq(B) ≡ 4

3

MB∗ −MB
MB∗q −MBq

, (2.47)

are key inputs for the evaluation of the matrix elements.16 In our numerical analysis we use
the experimental values of meson and baryon mass splittings, when available [111], and assume

14Applying a similar relation for mesons, and using this to estimate the decay constant, would lead to the
estimates fB = 0.188(14)GeV, fBs

= 0.241(18)GeV, where the uncertainty arises from varying the scale of
αs(µh) between 1.0 and 1.5 GeV. These values are consistent with those obtained from lattice computations,
supporting the applicability of the NRCQM to baryons.

15Note that we use interchangeably the notation Bu = Bd ≡ B, in the limit of exact isospin symmetry.
16In [109, 110], both 1/mQ and 1/Nc expansions were employed simultaneously, leading to the exact relation

rq(B) → 2/3 in the mQ, Nc → ∞ limit. This holds quite accurately in the charm sector, and could also be
expected to apply, in principle to an even greater degree of accuracy, in the b sector. However, the relationship
is potentially sensitive to higher-order corrections in the 1/Nc expansion.
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exact isospin symmetry within the hyperfine splittings, i.e. MB∗d
−MBd = MB∗u −MBu . As for

the ratio rs(Ω−b ), since the mass of the Ω∗b has not yet been measured, we employ the result for
the splitting MΩ∗b

−MΩb from [108], consistently with the use of the values of the constituent
mass ratios in eq. (2.46). This leads to

rs(Ωb) = 0.66± 0.22 . (2.48)

A comparison between the predictions for rq, based both on NRCQM fits and lattice QCD
evaluations, alongside the corresponding available experimental results, is shown in table 3.
We note that for the B-meson mass splittings, we use the averages of the experimental values
reported in [111].

Quantity Experiments [111] Lattice QCD [112] NRCQM [108]

rq̃(Σb) 0.58± 0.01 0.62± 0.26 0.63± 0.24

rq̃(Ξ
′
b) 0.60± 0.00 0.79± 0.27 0.67± 0.24

rs(Ξ
′
b) 0.56± 0.02 0.74± 0.25 0.63± 0.22

rs(Ωb) unknown 0.78± 0.22 0.66± 0.22

Table 3: Comparisons of the NRCQM results for the rq(B) to available experimental data and lattice
QCD evaluations. For the B-meson mass splittings, we use the measured values reported in [111].

Having the ratios of hadron mass splittings under control, we proceed by relating the
meson wave functions in eqs. (2.42)-(2.45) to the static decay constants via

|ΨBq(0)|2 =
F 2
Bq

(µ0)

12
, (2.49)

with
〈0|q̄γµγ5hv|Bq〉HQET = i FBq(µ0)

√
MBq v

µ , (2.50)

following the conventions for the HQET states used in [52]. Assuming the constituent-quark
relations for the matrix elements of the operators Oqi in eqs. (2.36), (2.37), as well as the
valence quark approximation result B̃ = 1 in (2.35), to be satisfied at a low hadronic scale µh,
in eq. (2.49) we set µ0 = µh = 1.5GeV, the same hadronic scale that was used in the HQET
sum rule derivation of the corresponding bag parameters in B mesons [93]. The value of the
static decay constant at the scale µh can be extracted using its relation [113] to the QCD
decay constant in the static limit f̂Bq ,

f̂Bq =
FBq(µ0)√
MBq

[
1 +

αs(µ0)

2π

(
ln
µ2
b

µ2
0

− 4

3

)]
, (2.51)

where f̂Bq differs from the full QCD decay constant fBq used for meson lifetimes, by the
terms of order O(1/mb), and µb = 4.5GeV. The parameter f̂Bq is available from lattice QCD
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simulations [114], from which we take the numerical values

f̂B = (219± 17)MeV , f̂Bs = (264± 19)MeV , (2.52)

which result in

FB(µh = 1.5GeV) = (0.48± 0.04)GeV3/2 ,

FBs(µh = 1.5GeV) = (0.58± 0.04)GeV3/2 ,
(2.53)

as compared to FB(µb) = (0.53± 0.04)GeV3/2 and FBs(µb) = (0.64± 0.05)GeV3/2. With this
ingredient in place, we list in table 4 the numerical values of the relevant matrix elements of
the operator Oq1 at the scale µh. Using the results for the renormalisation group evolution of

Matrix elements at µh = 1.5GeV Value in units GeV3

〈Ou1 〉Λ0
b

= 〈Od1〉Λ0
b

−0.013± 0.002± 0.004

〈Ou1 〉Ξ0
b

= 〈Od1〉Ξ−b −0.014± 0.002± 0.004

〈Os1〉Ξ0
b

= 〈Os1〉Ξ−b −0.018± 0.003± 0.005

〈Os1〉Ω−b −0.126± 0.046± 0.038

Table 4: Numerical values for the matrix elements of the operator Oq1 at the scale µh = 1.5GeV,
following the notation 〈Oqi 〉B ≡ 〈B|O

q
i |B〉/(2MB). The first errors are obtained by varying the input

parameters, and the second ones by adding a conservative 30% model uncertainty. The remaining
matrix elements are, at the scale µh, related to the matrix elements of Oq1 via eqs. (2.35), (2.36), and
(2.37), with B̃q

i (µh) = 1.

the matrix elements of the dimension-six four-quark operators within HQET [61, 90, 115, 116],
for µh = 1.5 GeV and µb = 4.5 GeV, we obtain

〈Oq1〉
〈Oq2〉
〈Õq1〉
〈Õq2〉

(µb) =


1.29 0 −0.09 0

0 1.29 0 −0.09

0 0 1 0

0 0 0 1



〈Oq1〉
〈Oq2〉
〈Õq1〉
〈Õq2〉

(µh) . (2.54)

Then, at the scale µb, the matrix elements for the triplet Tb and the Ωb baryon read respectively
〈Oq1〉
〈Oq2〉
〈Õq1〉
〈Õq2〉


Tb

(µb) =


1.38 〈Oq1〉
−0.69 〈Oq1〉
−〈Oq1〉
1
2
〈Oq1〉


Tb

(µh) ,


〈Os1〉
〈Os2〉
〈Õs1〉
〈Õs2〉


Ωb

(µb) =


1.38 〈Os1〉
0.23 〈Os1〉
−〈Os1〉
−1

6
〈Os1〉


Ωb

(µh) , (2.55)
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which amounts, for both the triplet and the Ωb, to a modification of the parameter B̃ from
the value B̃(µh) = 1 to B̃(µb) = 1.38.17 At the same time, the one-loop running preserves the
ratios between the matrix elements of the operators Oq1 and Oq2.

We now turn to discuss the remaining, non-spectator matrix elements [66, 83, 117, 118],

µ2
π(B) = − 1

2MB
〈B|b̄v(iDµ)(iDµ)bv|B〉 , (2.56)

µ2
G(B) =

1

2MB
〈B|b̄v(iDµ)(iDν)(−iσµν)bv|B〉 , (2.57)

ρ3
D(B) =

1

2MB
〈B|b̄v(iDµ)(iv ·D)(iDµ)bv|B〉 , (2.58)

which correspond to the kinetic, chromomagnetic, and Darwin parameters respectively. Fol-
lowing [83], we define the operators in terms of the field bv(x), rather than the HQET field
hv(x), with differences due to this choice arising only at order 1/m4

b . These parameters can
be further related to the heavy-quark expansion of the hadron mass [117, 119–121],

MB = mb + Λ̄ +
µ2
π(B)

2mb

− µ2
G(B)

2mb

+O
(

1

m2
b

)
, (2.59)

where Λ̄ ∼ 0.5GeV. Applying the expansion (2.59) to the mass difference between hyperfine
partners, and taking into account the proportionality of the chromomagnetic parameter to the
spin factor dB, we have

µ2
G(B) = dB

M2
B∗ −M2

B
dB − dB∗

, (2.60)

with
dB = −2 (SB(SB + 1)− Sb(Sb + 1)− Sl(Sl + 1)) , (2.61)

and SX denoting the spin of the particle X. As only dΩ−b
is non-zero, with dΩ−b

= 4 and
dΩ−b

∗ = −2, it follows that µ2
G(B) = 0 for the triplet Tb, while, using the masses and splitting

from [108], we obtain
µ2
G(Ω−b ) = (0.193± 0.065± 0.019)GeV2 . (2.62)

Here, the first uncertainty is parametric, while the second one corresponds to our 10% uncer-
tainty estimate from missing higher-order 1/mb corrections.

Concerning the kinetic parameter, one can relate µ2
π(Λ0

b) to µ2
π(B) via

MB −MΛ0
b

= Λ̄B − Λ̄Λ0
b

+
µ2
π(B)− µ2

π(Λ0
b)

2mb

+O
(

1

mb

)
, (2.63)

where we differentiate between the parameter Λ̄ for mesons and baryons, and MB denotes the
spin-averaged meson mass MB = (MB + 3MB∗)/4. To proceed, we assume the equality of

17Choosing the value for the initial scale µh = 1GeV instead of µh = 1.5GeV results in B̃(µb) = 1.66.
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Λ0
b Ξ0,−

b Ω−b

µ2
G(B)/GeV2 0 0 0.193± 0.068

µ2
π(B)/GeV2 0.50± 0.06 0.54± 0.06 0.56± 0.06

ρ3
D(B)/GeV3 0.031± 0.009 0.037± 0.009 0.050± 0.021

Table 5: Non-perturbative parameters for the non-spectator contributions used in our anal-
ysis. Values for µ2

π(B) follow from the relations derived in eqs. (2.64) and (2.68), with µ2
π(B)

taken from the fit value in [124] and µ2
π(Bs) obtained using the SU(3)F -breaking estimate

from [127]. Values for ρ3
D(B) follow from employing the equation of motion (2.73). The er-

rors quoted here are obtained by combining in quadrature the parametric uncertainty and the
uncertainty due to missing power corrections.

the difference Λ̄Bq − Λ̄B in the bottom and charmed sectors, as well as µ2
π(B) = µ2

π(D) and
µ2
π(Λ0

b) = µ2
π(Λ+

c ), resulting in the expression [63, 122]

(
MD −MΛ+

c

)
−
(
MB −MΛ0

b

)
=

(
1

2mc

− 1

2mb

)(
µ2
π(B)− µ2

π(Λ0
b)
)

+O
(

1

mb

,
1

mc

)
, (2.64)

where MD = (MD + 3MD∗)/4, and for the inputs on the left-hand side, we have used the
isospin-averaged hadron masses. Unlike in the charm sector, however, there have been analyses
of inclusive semileptonic B → Xc `ν` decays [96, 123–125] in order to extract the values of the
parameter µ2

π(B) from fits to experimental data. For our numerical analysis, we use the value
obtained in [124]:

µ2
π(B) = (0.477± 0.056) GeV2 . (2.65)

Furthermore, we adopt the spectroscopic estimate of the size of SU(3)F -breaking from [54, 126]:

µ2
π(Bs)− µ2

π(B) = (0.04± 0.02) GeV2 . (2.66)

For the Ωb, the analogous relation, derived for the first time in [53], is

µ2
π(Ω−b )

(
1

2mb

− 1

2mc

)
' mc−mb+

1

3

((
MΩ−b

+ 2MΩ−b
∗

)
−
(
MΩ0

c
+ 2MΩ0

c
∗
))

+O
(

1

mb

,
1

mc

)
.

(2.67)
This can be recast, using a similar relation for the Bs meson, as

(
µ2
π(Ω−b )− µ2

π(Bs)
)( 1

2mb

− 1

2mc

)
'MDs−MBs+

1

3

((
MΩ−b

+ 2MΩ−b
∗

)
−
(
MΩ0

c
+ 2MΩ0

c
∗
))

,

(2.68)
up to corrections of order 1/mb,c, and whereMBs ,MDs are again spin-averaged meson masses.
Concerning the quark masses, we use their values in the kinetic scheme, i.e. mkin

b (µcut =

1 GeV) = 4.57 GeV, as extracted from the fit in [124, 126], and mkin
c (µcut = 0.5GeV) =
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1.40 GeV [128–130]. The values for the differences of the kinetic parameters turn out to be
small, and we obtain18

µ2
π(Λ0

b)− µ2
π(B) = (0.029± 0.001± 0.015)GeV2 , (2.69)

µ2
π(Ξb)− µ2

π(B) = (0.061± 0.002± 0.030)GeV2 , (2.70)

µ2
π(Ω−b )− µ2

π(Bs) = (0.040± 0.023± 0.020) GeV2 , (2.71)

where again the first quoted errors represent the parametric uncertainties, while the second
ones follow from our assignment of 50% uncertainties to account for possibly sizeable 1/mc

corrections. Combining the above results with those in (2.65), (2.66) leads to our estimates
for the baryonic kinetic parameters presented in table 5.

As for the Darwin parameter ρ3
D(B), this can be related, up to O(1/mb) corrections, to

the four-quark matrix elements by the equation of motion for the gluon field strength tensor,

[iDµ, iDν ] = igsGµν , [Dµ, Gµν ] = −gsta
∑

q=u,d,s

q̄γνt
aq , (2.72)

which leads to the relation

2MB ρ
3
D(B) = g2

s

∑
q=u,d,s

〈B|
(
−1

8
Oq1 +

1

24
Õq1 +

1

4
Oq2 −

1

12
Õq2
)
|B〉+O

(
1

mb

)
, (2.73)

in terms of the operator basis defined in (2.32). We evaluate the right-hand side of eq. (2.73)
using the matrix elements of the four-quark operators renormalised at the scale µ0 = µb,
which, together with αs(µb) = 0.22, results in the values for the Darwin parameter shown in
table 5.19

3 Numerical Analysis and Results

In this section, we present our predictions for the total decay widths of b-baryons and their
lifetime ratios, as well as for the values of their lifetimes normalised to τ(Bd), as summarised
in table 6 and figure 3. We also provide results for the semileptonic decay widths and inclusive
b-baryon semileptonic branching fractions, shown in eqs. (3.11) and (3.12), (3.13).

The values of the non-perturbative parameters used in our numerical analysis are displayed
in tables 4 and 5 of section 2.3, while all remaining inputs are collected in appendix A. Note
that the renormalisation scales µ1 and µ0 are varied independently, both in the same interval
µb/2 ≤ µ0,1 ≤ 2µb, with µb = 4.5GeV, and using as central values µ0 = µ1 = µb. In addition,
in order to account for possible uncertainties in our assumption for the “factorisation” scale µh,
we vary this between 1GeV and 1.5GeV, fixing its central value to 1.5GeV.

18This small separation between µ2
π(B) and µ2

π(Λ0
b) is consistent with the sum rules calculation in [131].

19For comparison, the values obtained using instead αs = 1, and the four-quark matrix elements at the low
hadronic scale µh, read (ρ3D(Λb), ρ

3
D(Ξb), ρ

3
D(Ωb)) ' (0.11, 0.13, 0.18) GeV3. However, the limit on the size of

ρ3D(B) derived in [132] supports a lower value of αs, consistent with the results in table 5.
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As we present results for the lifetime ratios of b-baryons with the Bd meson, a couple of
comments with respect to our recent study [54] are in order. Firstly, as discussed in section 2.2,
in our analysis of the b-baryon total widths, we treat the dimension-seven contributions as an
additional source of uncertainty, and do not provide any estimates for their central values.
Hence, for consistency, here we have adopted the same treatment also for the total width
of the Bd meson, differently from [54].20 Secondly, as the value of the Darwin parameter
ρ3
D(B) for baryons is obtained using the equations of motion for the gluon field strength tensor

evaluated at the scale µb, see eq. (2.73), we again follow the same procedure for the Bd meson
and use21

ρ3
D(Bd) = (0.028± 0.010) GeV3. (3.1)

Our predictions for the total widths are determined from eq. (2.15), while the lifetime ratios
are obtained using the relation

τ(H1)

τ(H2)
= 1 + [Γ(H2)− Γ(H1)]HQE τ(H1)exp , (3.2)

where the difference Γ(H2) − Γ(H1) is computed from eq. (2.15), and we use as input the
experimental value for the lifetime of the H1 hadron.

In order to understand the size of each of the contributions in the HQE included in our
analysis, below we show our results for the decomposition of the total widths of b-baryons,
explicitly indicating the LO- and NLO-QCD corrections when the latter are present. For
central values of the input parameters, we obtain

Γ(Λ0
b) = Γ0

[
( 5.97︸︷︷︸

LO

− 0.44︸︷︷︸
∆NLO

)− 0.14
µ2
π(Λ0

b)

GeV2 − 1.35
ρ3
D(Λ0

b)

GeV3 −
(

10.6︸︷︷︸
LO

+ 5.04︸︷︷︸
∆NLO

)〈Oq1〉Λ0
b

GeV3

]
, (3.3)

Γ(Ξ0
b) = Γ0

[
( 5.97︸︷︷︸

LO

− 0.44︸︷︷︸
∆NLO

)− 0.14
µ2
π(Ξ0

b)

GeV2 − 1.35
ρ3
D(Ξ0

b)

GeV3

−
(

18.2︸︷︷︸
LO

+ 4.02︸︷︷︸
∆NLO

)〈Oq1〉Ξ0
b

GeV3 −
(
−7.31︸ ︷︷ ︸

LO

+ 1.48︸︷︷︸
∆NLO

)〈Os1〉Ξ0
b

GeV3

]
, (3.4)

Γ(Ξ−b ) = Γ0

[
( 5.97︸︷︷︸

LO

− 0.44︸︷︷︸
∆NLO

)− 0.14
µ2
π(Ξ−b )

GeV2 − 1.35
ρ3
D(Ξ−b )

GeV3

−
(
−7.62︸ ︷︷ ︸

LO

+ 1.02︸︷︷︸
∆NLO

)〈Oq1〉Ξ−b
GeV3 −

(
−7.31︸ ︷︷ ︸

LO

+ 1.48︸︷︷︸
∆NLO

)〈Os1〉Ξ−b
GeV3

]
, (3.5)

20However, for the Bd meson, the dimension-seven four-quark contribution turns out to be negligible, see
eq. (3.4) of [54].

21This value is consistent with the experimental fit in [125], rather than that in [124].
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Γ(Ω−b ) = Γ0

[
( 5.97︸︷︷︸

LO

− 0.44︸︷︷︸
∆NLO

)− 0.14
µ2
π(Ω−b )

GeV2 − 0.24
µ2
G(Ω−b )

GeV2 − 1.35
ρ3
D(Ω−b )

GeV3

−
(
−3.81︸ ︷︷ ︸

LO

+ 0.72︸︷︷︸
∆NLO

)〈Os1〉Ω−b
GeV3

]
, (3.6)

with q = u, d. The total decay widths are clearly dominated by the dimension-three con-
tribution, with the radiative corrections giving a ∼10% effect. Among the power-suppressed
terms, the largest contribution comes from dimension-six four-quark operators, and in partic-
ular from the exc topology, which enters the Λ0

b and Ξ0
b widths. Radiative corrections also play

an important role, and range from ∼10% to ∼50% of the four-quark contribution depending
on the specific topology. The Darwin term gives the next dominant power correction, and in
some cases partially compensates the contribution of four-quark operators, as for example in
the Λ0

b , eq. (3.3).
For completeness, we also show the decomposition for the total width of the Bd meson,

cf. eq. (3.4) of [54]:

Γ(B0
d) = Γ0

[
( 5.97︸︷︷︸

LO

− 0.44︸︷︷︸
∆NLO

)− 0.14
µ2
π(B)

GeV2
− 0.24

µ2
G(B)

GeV2
− 1.35

ρ3
D(B)

GeV3

− ( 0.012︸ ︷︷ ︸
LO

+ 0.022︸ ︷︷ ︸
∆NLO

) B̃q
1 + ( 0.012︸ ︷︷ ︸

LO

+ 0.020︸ ︷︷ ︸
∆NLO

) B̃q
2 − ( 0.74︸︷︷︸

LO

+ 0.03︸︷︷︸
∆NLO

) B̃q
3

+ ( 0.78︸︷︷︸
LO

− 0.01︸︷︷︸
∆NLO

) B̃q
4 − 0.14 δ̃qq

′

1 + 0.02 δ̃qq
′

2 − 2.29 δ̃qq
′

3 + 0.00 δ̃qq
′

4

− 0.01 δ̃sq1 + 0.01 δ̃sq2 − 0.69 δ̃sq3 + 0.78 δ̃sq4

]
, (3.7)

where B̃q
i and δ̃qq

′

i , δ̃sqi denote, respectively, the B meson dimension-six Bag parameters and
the ‘eye contractions’, see [54] for details. Their numerical values, as well as of those for µ2

π(B)

and µ2
G(B), are taken to be the same as in [54].

Our HQE predictions for the b-baryon lifetimes and their ratios, together with the corre-
sponding experimental values, are presented in table 6 and visualised in figure 3. The quoted
theoretical errors are obtained by combining uncertainties due to variation of the input param-
eters and of the renormalisation scales µ0, µ1, and µh, as well as an additional 15% uncertainty
added to the dimension-six contribution to account for missing 1/m4

b corrections. Overall, we
find excellent agreement between the HQE predictions and the experimental data for all the
observables considered.

It is important to point out that computing the lifetime ratios entirely within the HQE, i.e.
without using the experimental values for τ(H1)exp in eq. (3.2), leads to very similar results as
those in table 6, albeit with slightly larger uncertainties. Furthermore, when using the HQET
sum rules result for the four-quark matrix elements [5]

〈Ou1 〉Λb = 〈Od1〉Λb = −(3.2± 1.6)× 10−3 GeV3 , (3.8)
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we obtain a larger value for the lifetime ratio τ(Λ0
b)/τ(B0

d), namely

τ(Λ0
b)/τ(B0

d) = 0.976± 0.012 , (3.9)

which however is consistent, within uncertainties, with the value shown in table 6.
Finally, we also present HQE predictions for the inclusive semileptonic decay rates ΓSL(B),

defined as
ΓSL(B) ≡ Γ(B → Xc+u`ν̄`) , (3.10)

with a massless lepton ` = e, µ. We obtain

ΓSL(Tb) = 0.075+0.004
−0.003 ps−1 , ΓSL(Ωb) = 0.073+0.004

−0.003 ps−1 , (3.11)

which leads to the following results for the inclusive semileptonic branching fractions BRSL(B):

BRSL(Λ0
b) = (11.0+0.6

−0.5) % , BRSL(Ξ−b ) = (11.7+0.7
−0.6) %, (3.12)

BRSL(Ξ0
b) = (11.1+0.6

−0.6) % , BRSL(Ω−b ) = (12.0+1.4
−1.4) % , (3.13)

where
BRSL(B) = ΓSL(B) τ(B)exp . (3.14)

Note that the value for BRSL(Λ0
b) in eq. (3.12) perfectly agrees with the result obtained in

the recent study [133]. Although measurements of inclusive b-baryon semileptonic branching
fractions are extremely difficult at present machines, the theoretical predictions might still
prove useful in Monte Carlo simulations.

4 Conclusions

We have performed a phenomenological study of the lifetimes of b-baryons, including for
the first time the contribution of the Darwin operator and a new extraction of the matrix
elements of the four-quark operators within the framework of the non-relativistic constituent
quark model. Overall, we observe an excellent agreement between our predictions and the
experimental data. For the lifetime ratios τ(Λ0

b)/τ(Bd), τ(Ξ0
b)/τ(Bd), and τ(Ξ0

b)/τ(Ξ−b ), the
theoretical and experimental uncertainties are comparable, while for the total decay rates
the theoretical errors dominate, although, in the case of the Ω−b baryon, the experimental
uncertainties are also still quite sizeable.

In particular, we find

τ(Λ0
b)

τ(B0
d)

HQE

= 1− (0.045± 0.014) ,
τ(Λ0

b)

τ(B0
d)

Exp.

= 1− (0.031± 0.006) , (4.1)

showing that the measured suppression of the Λ0
b lifetime by (−3.1±0.6)% compared to τ(Bd)

is impressively confirmed by the corresponding theory prediction of (−4.5±1.4)%. Therefore,
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Observable HQE prediction Experimental value

Γ(Λ0
b) 0.671+0.108

−0.071 ps−1 (0.680± 0.004) ps−1

Γ(Ξ0
b) 0.670+0.108

−0.071 ps−1 (0.678± 0.014) ps−1

Γ(Ξ−b ) 0.622+0.104
−0.067 ps−1 (0.636± 0.016) ps−1

Γ(Ω−b ) 0.591+0.108
−0.071 ps−1 0.610+0.070

−0.066 ps−1

τ(Λ0
b)/τ(B0

d) 0.955± 0.014 0.969± 0.006

τ(Ξ0
b)/τ(B0

d) 0.956± 0.023 0.974± 0.020 ∗

τ(Ξ−b )/τ(B0
d) 1.029± 0.015 1.035± 0.027 ∗

τ(Ω−b )/τ(B0
d) 1.081± 0.042 1.080+0.118 ∗

−0.112

τ(Ξ0
b)/τ(Λ0

b) 1.002± 0.023 1.006± 0.021 ∗

τ(Ξ−b )/τ(Λ0
b) 1.078± 0.021 1.069± 0.028 ∗

τ(Ω−b )/τ(Λ0
b) 1.132± 0.047 1.115+0.122 ∗

−0.116

τ(Ξ0
b)/τ(Ξ−b ) 0.929± 0.028 0.929± 0.028

Table 6: Comparison between our predictions based on the HQE and the data. The the-
oretical uncertainties are obtained by combining uncertainties due to input parameters, the
renormalisation scales µ0, µ1, and µh, and missing 1/m4

b corrections. The experimental num-
bers marked with an asterisk are obtained by dividing the corresponding values shown in
table 1, and do not take into account possible experimental correlations.

we do not see any indications for visible violations of quark-hadron duality affecting the HQE,
as applied to the Λ0

b baryon.
It is interesting to note that the theory estimate from 1986 [1] led to almost exactly the

same central value as the one obtained in our study. The authors of [1] included in their
analysis: LO-QCD corrections to the free-quark decay, Γ

(0)
3 in eq. (2.15), taking into account

charm quark mass dependence; LO-QCD corrections to the spectator effects, Γ̃
(0)
6 in eq. (2.15),

without charm quark mass dependence; and estimates of the matrix elements of the four-
quark operators based on a simplified version of the non-relativistic constituent quark model.
They neglected corrections of order 1/m2

b , i.e. Γ
(0)
5 in eq. (2.15), as well as 1/Nc corrections

in the free quark decay. Furthermore, the NLO-QCD corrections to the ∆B = 1 Wilson
coefficients, to the free-quark decay, Γ

(1)
3 in eq. (2.15), and to the spectator effects, Γ̃

(1)
6 in

eq. (2.15), as well as the contribution of the Darwin operator, Γ
(0)
6 in eq. (2.15), were unknown

in 1986. Shifman and Voloshin correctly predicted 36 years ago a small negative deviation
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Figure 3: Graphical representation of the results presented in table 6.

of τ(Λ0
b)/τ(B0

d) from one, however, the perfect matching of their result with our post-diction
from 2023 is a kind of numerical coincidence, since the effect of their approximations seems to
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have cancelled with the low value of the decay constant used in 1986, fB = 110 MeV, resulting

in
(
f

(1986)
B /f

(2023)
B

)2

≈ 0.34.
Moreover, we confirm the experimentally observed lifetime splitting of the Ξ0

b and Ξ−b
baryons

τ(Ξ0
b)

τ(Ξ−b )

HQE

= 1− (0.071± 0.028) ,
τ(Ξ0

b)

τ(Ξ−b )

Exp.

= 1− (0.071± 0.028) , (4.2)

coincidentally obtaining the same central value and uncertainty estimate. For the Ω−b baryon
we predict a larger lifetime compared to the B0

d meson, although here a clear experimental
confirmation is still missing.

Our results also agree, within uncertainties, with the most recent estimate of b-baryon
lifetimes presented in [13]. This agreement holds in spite of the fact that NLO-corrections
in dimension-six four-quark contributions, as well as the Darwin contribution, which was at
the time unknown, are missing from the theoretical expression in [13], while the uncertainties
in [13] are artificially small, as they arise only from the variation of µh and from the bag
parameters entering the four-quark contribution to τ(B0

d), and do not include other parametric
and scale uncertainties.

Concerning the lifetime hierarchy, our calculations indicate

τ(Λ0
b) ≈ τ(Ξ0

b) < τ(Ξ−b ) ≤ τ(Ω−b ) , (4.3)

which is confirmed by data. Note that this hierarchy was already predicted in e.g. [8, 13].
Finally, we have presented numerical updates for the inclusive semileptonic branching

fractions of the b-baryons, which currently seem to be difficult to measure at LHCb, and are
not possible at Υ(4S) runs with Belle II. However, they might be feasible for the flavour
physics programme at the high luminosity upgrade of the LHC [134] or even further in the
future at FCC-ee, see e.g. [135, 136].

In order to further improve the theoretical precision in the lifetime ratios, the following
calculations can be performed in the future:

∗ Non-perturbative, and in particular lattice QCD, determinations of the matrix elements
of the four-quark operators of dimension-six, 〈Õ6〉, and of dimension-seven, 〈Õ7〉.

∗ NNLO-QCD corrections to the dimension-six spectator contributions, Γ̃
(2)
6 .

∗ Complete determination of LO-QCD dimension-seven contributions, Γ
(0)
7 .

As for the total decay rates, the HQE prediction is dominated by the free-quark decay. In this
case, the theoretical uncertainties could be significantly reduced if the complete NNLO-QCD
contributions, i.e. Γ

(2)
3 , were available. Hence, the computation of the missing α(2)

s -corrections
to non-leptonic b-quark decays is highly desirable.

In conclusion, combined with our recent studies on charmed hadrons [52, 53] and on B

mesons [54], the results of this work confirm that the HQE provides a consistent framework
to predict inclusive decay rates of heavy hadrons.
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A Numerical inputs

Here we collect the values of the parameters (table 7) and of the ∆B = 1 Wilson coefficients
(table 8) used in our analysis.

Parameter Value Source Parameter Value Source

MB+ 5.27934GeV

[111]

|Vus| 0.22500+0.00024
−0.00021

[137]
MBd 5.27965GeV

|Vub|
|Vcb|

0.08848+0.00224
−0.00219

MBs 5.36688GeV Vcb 0.04145+0.00035
−0.00061

MΛb 5.61960GeV δ
(
65.5+1.3

−1.2

)◦
MΞ−b

5.7970GeV mkin
b (4.573± 0.012)GeV [124]

MΞ0
b

5.7919GeV m̄c(m̄c) (1.27± 0.02)GeV [111]

MΩb 6.9452GeV fB (0.1900± 0.0013)GeV
[138]

αs(MZ) 0.1179± 0.0010 fBs (0.2303± 0.0013)GeV

Table 7: Summary of inputs used in the numerical analysis. Values of the non-perturbative
parameters for b-baryons are presented in tables 4 and 5.

B Dimension-six four-quark operator contributions at LO-QCD

The analytical expressions for the functions Γ̃q6,T (xf1 , xf2), introduced in eq. (2.25), are pro-
vided explicitly below at LO-QCD. For non-leptonic transitions b → q1q̄2q3, with q1,2 = u, c

– 26 –



µ1[GeV] 2.5 4.2 4.5 4.8 9

C1(µ1)
1.13 1.08 1.08 1.07 1.04

(1.17) (1.12) (1.11) (1.11) (1.07)

C2(µ1)
−0.27 −0.19 −0.18 −0.17 −0.11

(−0.36) (−0.27) (−0.26) (−0.25) (−0.17)

C3(µ1)
0.02 0.01 0.01 0.01 0.01

(0.02) (0.01) (0.01) (0.01) (0.01)

C4(µ1)
−0.05 −0.04 −0.03 −0.03 −0.02

(−0.04) (−0.03) (−0.03) (−0.03) (−0.02)

C5(µ1)
0.01 0.01 0.01 0.01 0.01

(0.01) (0.01) (0.01) (0.01) (0.01)

C6(µ1)
−0.06 −0.04 −0.04 −0.04 −0.03

(−0.05) (−0.03) (−0.03) (−0.03) (−0.02)

Ceff
8 (µ1) (−0.17) (−0.15) (−0.15) (−0.15) (−0.14)

Table 8: Values of the Wilson coefficients at NLO(LO)-QCD for different choices of µ1.

and q3 = d, s, they read respectively

Γ̃q3
6,int−

(xq1 , xq2) =
G2
F

12π
|Vq1b|2|Vq2q3|2m2

b

√
λ(1, xq1 , xq2)

{
k1

[
ω1(xq1 , xq2) 〈O

q3
1 〉 − 2ω2(xq1 , xq2)〈O

q3
2 〉
]

+ k2

[
ω1(xq1 , xq2)〈Õ

q3
1 〉 − 2ω2(xq1 , xq2)〈Õ

q3
2 〉
]}

, (B.1)

Γ̃q26,exc(xq1 , xq3) =
G2
F

2π
|Vq1b|2|Vq2q3 |2m2

b

√
λ(1, xq1 , xq3) (1− xq1 − xq3)

[
k3〈Oq21 〉+ k4〈Õq21 〉

]
,

(B.2)

Γ̃q1
6,int+

(xq2 , xq3) =
G2
F

12π
|Vq1b|2|Vq2q3|2m2

b

√
λ(1, xq3 , xq2)

{
k5

[
ω1(xq3 , xq2) 〈O

q1
1 〉 − 2ω2(xq3 , xq2)〈O

q1
2 〉
]

+ k6

[
ω1(xq3 , xq2)〈Õ

q1
1 〉 − 2ω2(xq3 , xq2)〈Õ

q1
2 〉
]}

, (B.3)

while for semileptonic transitions b → q1ν̄``, with q1 = u, c and ` = e, µ, τ , the explicit
expression is

Γ̃q1
6,int+

(x`, xν`) =
G2
F

12π
|Vq1b|2m2

b

√
λ(1, x`, xν`)

[
ω1(x`, xν`) 〈O

q1
1 〉 − 2ω2(x`, xν`)〈O

q1
2 〉
]
, (B.4)
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where xf = m2
f/m

2
b and λ(a, b, c) = (a − b − c)2 − 4bc is the Källen function. Moreover, in

eqs. (B.1)-(B.4) we have introduced the functions ω1,2(a, b), symmetric in their arguments,
with

ω1(a, b) = (a− b)2 + a+ b− 2 , ω2(a, b) = 2 (a− b)2 − (1 + a+ b) , (B.5)

while k1, . . . , k6, denote the following combinations of Wilson coefficients:

k1 = 2C1C2 +NcC
2
2 , k2 = C2

1 , (B.6)

k3 = 2C1C2 , k4 =
(
C2

1 + C2
2

)
, (B.7)

k5 = NcC
2
1 + 2C1C2 , k6 = C2

2 . (B.8)
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