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ABSTRACT: In the 1990s, very low experimental values for the lifetime ratio 7(Ap)/7(Bq)
triggered a considerable amount of doubt in the applicability of the heavy quark expan-
sion (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 experimen-
tal problems, and the current HFLAV average reads 7(Ap)/7(Bg) = 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 experimental 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 7(Ay)/7(Bg) = 0.955(14),
7(;)/7(Ba) = 1.081(42), and 7(29)/7(Z; ) = 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 Aqcp/mu,
with Aqcp 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 independent 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

HQE 1986
(BY) 7(By) [0 7(AD)

~1.1, ~1,
7(Ba) 7(Bg

HQE 1986
~0.96. (1.1)
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Surprisingly, early measurements of the Ag lifetime resulted in values which were consid-
erably lower than the first theory expectations, as shown in figure 1.

'The A) 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 A, lifetime was performed by
the ALEPH collaboration in 1992 [4], based on LEP ete™ data taken in 1990/91, and resulting in
T(AD) = (1.1270:33 (stat.) + 0.16(syst.)) ps.
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Figure 1. History of the lifetime ratio 7(Ap)/7(Bq4): experiment (lilac) vs. selected theory predic-
tions: Shifman, Voloshin (1986) [1], Colangelo, De Fazio (1996) [5], Di Pierro, Sachrajda, 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 Ay lifetime read [5]
7(Ap) = (1.18 £ 0.07) ps, (1.2)

which corresponded to a lifetime ratio of

T(Ab)
7(Ba)

= (0.75 + 0.05),, (1.3)

when using the 1996 world average for the By lifetime [5]. As these experimental results
were more than four standard deviations below the naive expectation in eq. (1.1), a consid-
erable amount of interest was triggered in the theory community, with various efforts made
to accommodate 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, however, 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/m; 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, Quinn, and Weinberg [20] to equate the hadronic process et + e~ —
hadrons with the quark-level process e 4+ e~ — quarks. In the case of the total decay rate



0 =0 _— - 0
Ab —b —b Qb Bd

7[ps] || 1.471£0.009 | 1.480 +0.030 | 1.572+0.040 | 1.64701% || 1.519 + 0.004

T [ps—'] || 0.680 +0.004 | 0.676 +0.014 | 0.636 4 0.016 | 0.61073970 || 0.636 + 0.016

Table 1. HFLAV averages of the experimental determinations of b-baryon lifetimes [57]. We also
include the most recent value of the B} meson lifetime, which we use in our predictions for the
lifetime ratios with the baryons.

7(A)/7(BY) | 0.969 & 0.006

T(E))/7(Z;) | 0.929 £ 0.028

Table 2. HFLAV averages of the experimental determinations of b-baryon lifetime ratios [57].

of a B-hadron, we can write

I'eY(B) = > I'(B — hadrons + leptons)
all possible hadrons
(1.4)
= Z I'(B — quarks + leptons) ,

all possible quarks

and QHD-violating contributions in the HQE could correspond to non-perturbative terms
such as exp[—my/Aqcp], 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 141 dimension model for QCD,
e.g. [21-31], or instanton-based and resonance-based models, e.g. [21, 22, 32, 33]. 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 Ay lifetime were purely an exper-
imental problem, and the current world average for 7(Ay)/7(Bg) [34] 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 [35-56], HFLAV [57] 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.

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 [58, 59],
B mesons [60], and charmed baryons [59]. Besides implementing for the first time the



recently determined Wilson coefficient of the Darwin operator [61-64], we include radiative
QCD corrections to the Wilson coefficients, where available, and update all the relevant
numerical inputs, including new estimates for the non-perturbative matrix elements. We
present predictions for the decay rates of the Ag, Eg, =, , and , baryons, and their lifetime
ratios, as well as lifetime ratios of these baryons with the Bg 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
theoretical 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 semileptonic 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 [65]
Hot = Hog' + Hog + HEF®. (2.1)

In the above equation, HeNf% parametrises the contribution of non-leptonic b-quark transi-

tions
Gr
Har =5 2 | 2 e (1) QU™ + Co(un) QF =) = Dgy - i) QP
q3=d,s | 91,2=U,C 7=3,...,6,8
+h.c.,
(2.2)

where Agigogs = V) pVaoqs and Ag; = Vi3Vig, stand for the corresponding CKM factors,

C;(u1) denote the Wilson coefficients of the AB = 1 effective operators evaluated at the
q3
7o
denote the current-current,? penguin, and chromomagnetic operators, and are explicitly

renormalisation scale py ~ my. Q'** and QF, with j = 3,...,6, and Qg, respectively

Qtf1q2q3 _ (l_)z T, ﬁ) ((f% e qé) 7 leqzq:a _ (52 r, q{) (Q% e qé) : (2.3)
P =0Tugs) Y (@TM¢), P =0Tugh)d (@),
q q

*Note that Q799 in our notation is the colour-singlet operator, following [58, 60] and contrary to
e.g. [59, 65].



QP =(b'Tugs) Y (@ T ), P=0T.d)d (@), (24
q q
o= Loy (Vo™ (1 —5)ts a}) Go (2.5)

8 7 8r2

with Ty = vu(1 — v5), T = +*(1 +v5), and o, = (i/2)[yu, V], while i,j = 1,2,3, are
SU(3). indices for the quark fields. Moreover, in eq. (2.5), g5 denotes the strong coupling,
and Gy, = Gyt 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 p; at LO- and NLO-
QCD [65] 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.

G
Ml = F 5 2 2 V@ b, (2.6)

QI u,C f=e,u,T

with the semileptonic operator

QU = (V' Tudi) (@I 0) . (2.7)

Finally, H¥¢ 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 Ay, — Ay or Ay — AT,
These modes have very small branching fractions, below the current theoretical sensitivity

rare

for lifetimes, and so the effect of is neglected in this work.

The total decay width of a b- baryon B, with mass Mp and four-momentum pg, reads

= a3 [ @060 — ) (X () e B(ps) P (2.8)
X pg

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, I'(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.

(B) = ﬁlm(&ﬂ& , (2.9)

with the transition operator defined as
T =i / Az T {Heg(z) , He(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. mp > Aqcp, where Aqep defines a typical non-perturbative hadronic
scale. In the framework of the HQE [1, 2, 66-73], the b-quark momentum is decomposed as

o = myvt + kF, 2.11
b

where v = pg/Mp is the four-velocity of the b-baryon. The residual momentum & 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 ~ Aqcp. Moreover, the heavy b-quark
field is parametrised as

b(z) = e~ IMVTh, (z) (2.12)

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

iDub(z) = e "™V (myv, 4+ 1D, )by(z) (2.13)

so that the action of the covariant derivative D), = 0, — igsAj;t* also contains a large
contribution proportional to the heavy quark mass alongside a residual term of order Aqcp.
The rescaled field b, (x) is related to the heavy quark effective theory (HQET) field h,(z),
see e.g. [74], by

iDL,

bulr) = hu(a) + 5 =

v(z) +0 (;LQ) : (2.14)

b

with D/ = D* — (v- D) v*. Finally, taking into account eqgs. (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

) @) - (O . (O
I'(B) = r3+r5@ +F6@ + ...+ 1672 <F6<§> +F7< Z> +> - (2.15)
mj my my my,

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

2
Iy =T 4 %F&l) + (Z‘;) r'? . (2.16)
while (O4) = (B|Oq4|B)/(2Mp) denote the matrix elements of the corresponding AB = 0
operators Oy of dimension d in the effective theory. Note that, starting from order 1/ mg,
both two- and four-quark operator contributions appear. The latter originate from loop-
enhanced diagrams, as reflected by the explicit factor of 1672 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. egs. (2.15),
(2.16), included in our analysis. For more details we refer to the recent studies [58-60].>
The coefficients T'y, Ty 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
m,

xc:jv Tr =
my

m

m

N
SN

(2.17)

(Sl V]

3There are some differences in the structure of the HQE for charmed hadrons [58, 59] as opposed to the
b sector; see also [75, 76].



Asm?Z/m? ~ mi /m? ~ 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.* The
leading contribution to the b-baryon total width, I's in eq. (2.15), is obtained by computing
the free b-quark decay, and can be compactly expressed as

I3 =Tyes =T (ch> + %cg}) +.. ) : (2.18)
7
where 2
m
Lo = L 2|V, 2.1
0= Togqs Vel (2.19)
and

3 =CssL +3CFC311 +2C1C2C310 + 3C5 Ca0 + Ci C;C3 ;. (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 Cifij? with ¢ = 1,2, and j = 3,...,6,8,
the contribution due to the mixed insertion of the current-current and penguin or chromo-
magnetic operators. For semileptonic modes, a2-corrections have been computed [77, 78];
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 sr,. Moreover,
following a common counting adopted in the literature [79, 80], the contribution of the
penguin and chromomagnetic operators is treated as a next-to-leading order effect, i.e.
Cz)]: i; = 0 at LO-QCD, owing to the small size of the corresponding Wilson coefficients. The
result for ¢3 at LO can be found e.g. in [59, 62]. As for the NLO corrections, the analytical
expressions for C3 11, C322, and Cs gy, can be extracted from [81], where the computation
has been performed for three different final state masses, while those for C3 12 are derived
from the results presented in [82] in the case of the b — ccs transition, and in [83] for the
remaining modes. Finally the results for C:)f ;; are taken from [82].

Power corrections due to two-quark operators are obtained by including the effect of
soft gluons as well as the 1/mj-expansion of lower-dimensional matrix elements. At order
1/ mg, the corresponding contribution can be schematically written as

I's <22> =T lcﬂ <SL7;> +ca <(:§>1 ’ (221)
b b b

where the matrix elements of the kinetic and chromomagnetic operators,® given explicitly
in eqs. (2.56), (2.57), are discussed in section 2.3. In our analysis, again for consistency, we
include the coefficients ¢; and cg only at LO-QCD, since ag-corrections have so far been
determined only for the semileptonic channels [84]. The coefficient of the kinetic operator
is related to that of dimension-three by a purely numerical factor, ¢, = —céo) /2, while the
coefficient ¢ can be decomposed as

ca =Cast +3C7Cq11 +20102Cq12 +3C5Cq22, (2.22)

“However, 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) p-breaking.

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



where again a summation over all possible b-quark modes is implied. The expressions
for the non-leptonic channels Cg j, originally computed in [70, 71, 85], can be found e.g.
in [59, 62], while the semileptonic coefficient Cg g1, is taken from the general result for
two different final state masses presented e.g. in the appendix of [86], and first determined
in [87, 88].

At order 1/mj, both two- and four-quark operators contribute, cf. eq. (2.16). For the
former, we can compactly write®

{Os) {Op)
F6m7:g = FO CPDT% 5 (223)

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

¢pp = CppSL+3CF Cpp11 +2C1C2Cppy12 +3C5 Cpp 22, (2.24)

summing again over all b-quark decay modes. As NLO-QCD corrections are only avail-
able for semileptonic decays [90-92], the accuracy in our analysis again extends to only
LO-QCD, identically to the dimension-five contributions. The complete expressions of
Cpp,ij for all non-leptonic channels have been obtained recently in [61-64], while the co-
efficient C,, sz, first computed in [93], can be read off the general results for the case of
two different final state masses presented e.g. in [92, 94]. 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 [62], 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 previ-
ous 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 [60].

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 constructive Pauli interference (int*), respectively.” Taking into account the different
topologies, the dimension-six contribution from four-quark operators can be compactly
written as

6,int~ 6,
b q1,92,93 (2.25)

g1
+ 2 TGt (T 20,)
q1,¢

- (Og) . . .
1671‘2 FGW = Z Fqg (mQI"IQZ) + Fg?exc(mm’z%) + Fqlint+ ($q2,$q3)

SFormally, at dimension-six the basis also includes the spin-orbit operator Ors. However, by adopting
definitions in terms of full covariant derivatives rather than transversal ones, the contribution of Opg to the
total decay width vanishes. For more detail, see e.g. [89)].

"For B mesons, the corresponding topologies are respectively denoted by weak-exchange (WE), Pauli
interference (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 [59].



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 ¢; 2 are up-type
quarks and g3 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.

where f‘gyT(l‘ f1,xf,) denotes the imaginary part of the diagram with topology T', with ex-
ternal light quark ¢ and internal fermions f1, fo, while xy, = m%/m%, where my, 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 coef-
ficients. 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. [95, 96].
The functions fg,T(xfl,:an) in eq. (2.25) can be further decomposed as follows:

4 q
1:‘g,T(xfu‘er) =Ty ZC%7T(xf17xf2) <T(;)L%> ) (2'26)
i=1
with (’)%”.74 denoting an appropriate set of four-quark operators, cf. egs. (2.32)—(2.33), and
recall the short-hand notation (OF) = (B|O}|B)/(2Mp). For a comprehensive discussion
of these matrix elements, we refer to section 2.3.8 The complete expressions for the coef-
ficients céint, (g1, Tgy) and ¢f oo (Tq,, Tg5) 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.? The results for Cé,int+ (€gy, Tqy) can be obtained,
by means of a Fierz transformation, from the corresponding ones for céint_(qu,xqg) by
replacing Cy < Cs, while for semileptonic modes, the NLO-corrections to the coefficients
Cé,inﬁ (x¢,2y,) have been determined in [98]. 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 fgj(?cfprg) given in eq. (2.25).
Considering all possible contractions in the time-ordered product in eq. (2.10), the

complete dimension-six four-quark operator contributions to I'(B), included in our analysis,

8Note that when comparing with the basis presented in section 2.3, one should make the identifications
0f = O0f and 0 = O4.
9Partial NLO results in the case of operators defined in QCD can be found in [10, 97].



respectively read

2 T <@6>A(b) U U U U
167 I'g m3 = {F&exc(xm xd) + FG,exc(l‘C? ‘735) + Fﬁ,exc(x1u xd) + 1—‘6,exc($u7 :1:8)
b
+ T i (e @) + TG 1 (e, we) + Tf i (@, @) + T - (@, )
+ fainﬁ (y, xq) + f‘g’inﬁ (Te,xs) + fg,inﬁ (Ty, zs) + fg,inﬁ (e, q)
+ f‘g,inﬁ‘ (w7, 20,) + fg,inﬁ (T 2,) + fg,inﬁ (e, %e)ho ; (2.27)
b
1672 Fo DO _ [ P Fu F
T le 3 6,exc($67 .de) + 6,exc(x07x8) + 6,exc(x7wmd) + 6,exc($u?x8)
b
+ I:‘g,int’ ('rC’ l’c) + 1:‘g,int* (;UC’ xu) + f‘g,int’ ($“7 JJC) + I:‘g,int’ ('x“’ x“)
+ f‘g,int+ (551u .Td) + f"g,inﬁr (:1:07 xs) + fﬂgyinﬁr (‘Tua :I;s) + f‘g7int+ (xa fL’d)
+ T et @ ,) + T (s 0,) + T (s )] (2:28)
)
1672 T <06>Eb__[fd (e ) + T o (Ter o) + T8 (Tey @) + T (20, 20)
6 mg = |1 6,int— (o> Lu 6,int— \Les Le 6,int— \Les Lu 6,int— \es Le
d T T d
T i (@ )+ T i (@0 ) + T8 i (@ 20) + Ty (@ we)|
b
(2.29)
~ <@6>Q* ~ ~ ~ ~
1672 Ty — 5 = (08 e (s ) T (s @) + T - (s ) + T - (0, 20)| o

b 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 [99], 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 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 2, 45 = Ty e, =
0, cf. eq. (2.17).

Note that, in egs. (2.27)—(2.30), the non-leptonic contributions have been ordered
by topology, and within each topology we have listed the terms in order of their CKM
hierarchy. In particular, the leading contributions to the Ag and Z 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 A) and EJ) baryons, see the last line of egs. (2.27), (2.28),
and not that of the = or Q, . 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 |V,3|? < |Vip|?. Thus, within our current sensitivity, any
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difference between the semileptonic branching fractions 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 By meson. For completeness, in order to facilitate the comparison, the corresponding
leading dimension-six four-quark contribution for the latter is [60]

1672 f6<07%3d = [Fdwes 22) + B ep (oo, me) + B weous ) + P, 20)]

(2.31)

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

are also known in the literature, albeit only at LO-QCD, see e.g. [58]. They have been
determined in [11, 100] for operators defined in QCD! and also in [60, 98] for the HQET
operators. However, as compared with our previous studies [58—-60], we do not include the
subleading 1/my corrections to the four-quark matrix elements in our central values for
the total widths, preferring 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. [74], and in contrast to the case of mesons, where
the vacuum insertion approximation (VIA) provides a first estimate. This problem was
extensively discussed in [59]. Moreover, other 1/m} corrections are also missing, namely
those due to two-quark operators, which so far are known only for semileptonic b-quark
decays [89, 101-103], 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/m{ 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.

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 p2(B), u4(B), p3(B).

A Dbasis of dimension-six four-quark operators in HQET suitable for the b-baryons
is [96] !

Of = (hiyu(1 = 5) )@ (1 = ys5)hd),  Of = (hi(1 = v)d" ) (@ (L +5)h]),  (2.32)
Of = (Myu(1 = %)@ ) @A = )hi), 0 = (W1 — )@ W@ (1 +ys)hb),  (2.33)

with ¢ labeling the light quark in the corresponding operator, i.e. ¢ = u, d, s. Note that the
colour-rearranged operators (7);172 are related to the colour-octet ones commonly adopted

19Some inconsistencies in the expressions of [11, 100] were identified in [60], cf. footnote 8 therein.
"The recent study [59] made use of the QCD basis of operators instead.
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in studies of heavy meson lifetimes, see e.g. [58—60], by the completeness property of the
SU(3). generators

1 1
t5;thm = 5 (i — Eaijalm) . (2.34)
The usefulness of the choice of basis in eqs. (2.32), (2.33) is exhibited by the relations

(B|O]|B) = ~B{(B|O}|B),  i=1,2, (2.35)

where, assuming the valence quark approximation, the total colour antisymmetry of the
baryon wave function imposes B’g = 1[96]. In our study, we consider a universal parameter
Bg = B,"2 with B = 1 valid at a typical hadronic scale pp < mp. When performing the
numerical analysis, we vary this scale in the range 1 GeV < up < 1.5 GeV, while taking as
our reference value up = 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

TIOUR) TOUT) 1, .
S OR. SE Je o, (2.36)
for the SU(3)p triplet T, = (A, E, , =), and
(2, 107]2,) Q= o2 (2, 103]2,) Q2
= — \I/ :_\Il 2~
e R -~ YO e

for the €, 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, however, expected to provide subleading corrections. Hence, in (2.36), it should be
understood that the relations are valid only when the light quark ¢ in the operator O
matches one of the valence quarks in the baryon 7y, and the matrix element is otherwise
taken to be zero, and similarly in (2.37) for the €, .

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 avail-
able. A computation for the AY, 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 [99, 104-106], 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 [107]. 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 [108], entering also the computation of
the four-quark matrix element, where the as-contributions appear to be of a similar size

1211 general, Bf = Bg +O(1/my), and B # B*, but we neglect these subleading corrections.
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to the leading contribution. Very recently, the four-quark Ag matrix elements were also
determined with QCD sum rules [109], confirming the relatively small values obtained by
the HQET sum rules in [5].1% We are not aware of sum rule determinations of the matrix
elements of the Eg, =, , or £," baryons. Therefore, in this work, we choose to consistently
apply the NRCQM to calculate the matrix elements of the dimension-six four-quark op-
erators for all the baryons considered. For comparison, however, we briefly discuss the
numerical impact of the sum rule determination from [5] on the A lifetime in section 3.

Following the standard approach proposed by de Rujula, Georgi, and Glashow [110],
the baryon wave functions can be extracted from the known values of hyperfine mass
splittings [14, 111-113]. 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 My can be expressed as

My = My + <Hspin> ’ (238)

where My 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

167as (5 - ,§’J) 3=
Hspin, baryons — Z ﬁé (Tij) > (239)
s 2 mim;
R2rag (55-55) 5,
H, in, mesons — ——0 (7‘“)7 (240)
sp esons 9 m" m]m ij

where 7, 7, label the constituent quarks in the hadron, with masses ml-b and m," respectively
for baryons and mesons, while §; denotes the corresponding quark spin operator. When
evaluating the expectation value in eq. (2.38) for a given hadronic state, the delta functions
in egs. (2.39), (2.40) result in the modulus squared of the hadron wave function at the origin,
|UH(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. m/™ #m?, but instead take their values as used in the fit to hadronic masses [114].

Following the approach of Rosner [14], the wave functions appearing in egs. (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 Aj baryon, this results in the relation'4

16mos 3

b, b
mbmq2

My; = My, = o (0), (2.41)

with ¢ = u,d, while the corresponding relations for [¥=(0)|?, and ¥ (0)|?, involve the
hyperfine splittings M=y — MEé, and Mg; — Mag,, respectively. After normalising these

13 A separate sum rule calculation in [7] was able to accommodate the then very low experimental values of
the 7(AY) /7(Ba) lifetime ratio, at the expense of an anomalously large four-quark contribution; see figure 1.

1 Applying a similar relation for mesons, and using this to estimate the decay constant, would lead to the
estimates fp = 0.188(14) GeV, fp, = 0.241(18) GeV, where the uncertainty arises from varying the scale of
as(pn) 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.
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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 functions'® as

<Ab‘oij‘Ab> 4 Msy — My, g o
— L = —ys—————|U7(0 2.42
2MAb yq?)MB*_MB‘ ( )| ’ ( )
EIOE) _ (& 10fE) _ | 4ME m M g (2.43)
2Mz=, 2Mz, 93 Mp- — Mg ’ ‘
2Mz, 2M=, °3 Mp: — Mp, ’ '
(2, 1071€,) 4 Mo; — Mo, 5 o
ST L - —t | uPs (0 2.45
QMQb Ys 3MB;‘ o MBS| ( )‘ ’ ( )

where yg, ys, denote ratios of the constituent quark masses in baryons and mesons [114]

b, b b, b
f= —— 1 ~1.18, =—2 = ~1.12. 2.46
Ya mgy" mg"” s my"t mit ( )
The ratios of the mass splittings,
4 Mg+ — Mpg
By=_-__"2 "5 2.47

are key inputs for the evaluation of the matrix elements.'® In our numerical analysis we
use the experimental values of meson and baryon mass splittings, when available [117],
and assume exact isospin symmetry within the hyperfine splittings, i.e. M B: — Mp, =
Mp: — Mp,. As for the ratio 74(€;, ), since the mass of the {; has not yet been measured,
we employ the result for the splitting Mgy — Mg, from [114], consistently with the use of
the values of the constituent mass ratios in eq. (2.46). This leads to

rs(Qp) = 0.66 + 0.22. (2.48)

A comparison between the predictions for 74, 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 [117].

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

F2
[WPa(0)]* = 5, (o) , (2.49)
12
with
(01gv"vs5ho| Bg)uqer = i F,(10)\/ Mp, v*, (2.50)

5Note that we use interchangeably the notation B, = Bq = B, in the limit of exact isospin symmetry.

'Tn [115, 116], both 1/mg and 1/N, expansions were employed simultaneously, leading to the exact
relation r4(B) — 2/3 in the mg, N. — oo 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/N. expansion.
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Quantity || Experiments [117] | Lattice QCD [118] || NRCQM [114]
r4(2) 0.58 £0.01 0.62 + 0.26 0.63 +£0.24
re(Z}) 0.60 £ 0.00 0.79 £0.27 0.67£0.24
ro() 0.56 & 0.02 0.74 £ 0.25 0.63 & 0.22
rs() unknown 0.78 +0.22 0.66 +0.22

Table 3. Comparisons of the NRCQM results for the r,(B) to available experimental data and
lattice QCD evaluations. For the B-meson mass splittings, we use the measured values reported
in [117].

following the conventions for the HQET states used in [58]. Assuming the constituent-
quark relations for the matrix elements of the operators Of in egs. (2.36), (2.37), as well as
the valence quark approximation result B = 1 in (2.35), to be satisfied at a low hadronic
scale pup, in eq. (2.49) we set po = pup = 1.5 GeV, the same hadronic scale that was used in
the HQET sum rule derivation of the corresponding bag parameters in B mesons [99]. The
value of the static decay constant at the scale p, can be extracted using its relation [119]
to the QCD decay constant in the static limit f Bys

; _ Fp, (o) as(po) ( pp 4
= 1 In—2 — - 2.51
I VMg, T Ton (DM% 3)] (251)
Bq

where qu differs from the full QCD decay constant fp,  used for meson lifetimes, by the
terms of order O(1/my), and up = 4.5 GeV. The parameter qu is available from lattice
QCD simulations [120], from which we take the numerical values

A

fB=(219+£17)MeV , fB. = (264 £ 19) MeV, (2.52)

which result in

Fp(un = 1.5GeV) = (0.48 4 0.04) GeV?/2 |

(2.53)
Fg,(un, = 1.5GeV) = (0.58 + 0.04) GeV3/2 |

as compared to Fg(up) = (0.53 +0.04) GeV3/2 and Fg_ (1) = (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 Of at the scale pj,. Using the results for the renormalisation
group evolution of the matrix elements of the dimension-six four-quark operators within
HQET [67, 96, 121, 122], for up = 1.5 GeV and up = 4.5 GeV, we obtain

(01) 129 0 —009 0 (O9)
(03) | o 129 0 —0.09 (0)
<(’5§> (1) = 0 0 1 0 <@§1> (1n) - (2.54)
(03) 0 0 0 1 (O)
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Matrix elements at pup = 1.5 GeV Value in units GeV?

(O) a9 = (Of)p —0.013 4 0.002 + 0.004

—0.014 + 0.002 £ 0.004

[1]

S

(OF)=0 = (OF)

(O})=0 = (0F) —0.018 = 0.003 = 0.005

[1]

b

(ODq —0.126 + 0.046 + 0.038

Table 4. Numerical values for the matrix elements of the operator Of at the scale p, = 1.5 GeV,
following the notation (Of)s = (B|OI|B)/(2Mpg). 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 uy, related to the matrix elements of Of via eqs. (2.35), (2.36),
and (2.37), with B (up) = 1.

Then, at the scale up, the matrix elements for the triplet 7, and the ) baryon read

respectively
(O0F) 1.38 (Of) (O1) 1.38(07)
(0% | —0.69(07) (03) ~ 1 0.23(07)
@% (1) Con | ) @% () = | "Zoey | ) (2:55)
09 won ), 05)o  \-bon ),

which amounts, for both the triplet and the €, to a modification of the parameter B from
the value B(up,) = 1 to B(u) = 1.38.17 At the same time, the one-loop running preserves
the ratios between the matrix elements of the operators Of and O4.

We now turn to discuss the remaining, non-spectator matrix elements [72, 89, 123, 124],

2(B) = =51 (BB, (iD)bu B (2.56)
E(B) = 3 BIBu (D) (D) (=i b, B) (2.57)
$b(B) = 537 BIBu(iD,) 0 D)D" )bulB). (2.58)

which correspond to the kinetic, chromomagnetic, and Darwin parameters respectively.
Following [89], we define the operators in terms of the field b,(x), rather than the HQET
field h, (z), with differences due to this choice arising only at order 1/ mg. These parameters
can be further related to the heavy-quark expansion of the hadron mass [123, 125-127],

My =my + A+ 2B _#6B) o (1) : (2.59)

me me m%

where A ~ 0.5 GeV. Applying the expansion (2.59) to the mass difference between hyperfine
partners, and taking into account the proportionality of the chromomagnetic parameter to

17Choosing the value for the initial scale pn = 1 GeV instead of up = 1.5 GeV results in B(u,) = 1.66.
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the spin factor dg, we have

M2, — M2
Hg(B) = dg—— = (2.60)
B — dp*
with
dg = —2(Sp(Sp+1) — Sp(Sp +1) — Sy(S; + 1)), (2.61)

and Sy denoting the spin of the particle X. As only d,- is non-zero, with d,- = 4 and
b b
do-+ = —2, it follows that ,ué(B) = 0 for the triplet 7T, while, using the masses and
b
splitting from [114], we obtain

() = (0.193 £ 0.065 £ 0.019) GeV? . (2.62)

Here, the first uncertainty is parametric, while the second one corresponds to our 10% un-
certainty estimate from missing higher-order 1/my corrections.
Concerning the kinetic parameter, one can relate u2(AY) to p2(B) via

2 2(A0
7 L, kR(B) — pa(AY) <1>
Mp—Myo=Ap—A z B ol — 2.63
B A9 B A9+ e + ) (2.63)
where we differentiate between the parameter A for mesons and baryons, and M g denotes
the spin-averaged meson mass M g = (Mp+3Mp-+)/4. To proceed, we assume the equality
of the difference Ap, — Ap in the bottom and charmed sectors, as well as u2(B) = p2(D)
and p2(AY) = 2 (A7), resulting in the expression [69, 128]

(370 = Mys) = (Mo = Myg) = (5 = 5o ) (k2(B) = 249) +0 (o)

where M p = (Mp + 3Mp~)/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 — X v, decays [102, 129-131] in order to extract the
values of the parameter u2(B) from fits to experimental data. For our numerical analysis,
we use the value obtained in [130]:

p2(B) = (0.477 4+ 0.056) GeV?2. (2.65)

Furthermore, we adopt the spectroscopic estimate of the size of SU(3) p-breaking from [60,
132]:
p2(By) — p2(B) = (0.04 4 0.02) GeV?2. (2.66)

For the ), the analogous relation, derived for the first time in [59], is

12 () (1— ! )zmc—mwl((MQb+2MQ;*)—(MQQ+2MQQ*))+O(1,1).

2my  2me 3 my Me
(2.67)
This can be recast, using a similar relation for the B, meson, as

(120 -12(8)) (575

me 2mc

) ~Mp, fMBS% (Mg, +2MQ;*) — (Mo +2Mgy-) ),
(2.68)
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0 —=0,— —
Ab b Qb

u(B)/ GeV? 0 0 0.193 £ 0.068
p2(B)/GeV? || 0.5040.06 | 0.54+0.06 | 0.56=+0.06
p3(B)/ GeV3 || 0.031 4+ 0.009 | 0.037 4 0.009 | 0.050 & 0.021

Table 5. Non-perturbative parameters for the non-spectator contributions used in our analysis.
Values for p2(B) follow from the relations derived in eqs. (2.64) and (2.68), with u2(B) taken from
the fit value in [130] and p2(Bs) obtained using the SU(3) g-breaking estimate from [133]. Values
for p%,(B) follow from employing the equation of motion (2.73). The errors quoted here are obtained
by combining in quadrature the parametric uncertainty and the uncertainty due to missing power
corrections.

up to corrections of order 1/my,., and where Mp,, Mp, are again spin-averaged meson
masses. Concerning the quark masses, we use their values in the kinetic scheme, i.e.
M (pey, = 1 GeV) = 4.57 GeV, as extracted from the fit in [130, 132], and m¥" (peys =
0.5GeV) = 1.40 GeV [134-136]. The values for the differences of the kinetic parameters

turn out to be small, and we obtain'®
p2(AD) — p2(B) = (0.029 4 0.001 + 0.015) GeV?, (2.69)
12(Zp) — p2(B) = (0.061 + 0.002 4 0.030) GeV?, (2.70)
p2(Qy,) — p2(Bs) = (0.040 + 0.023 + 0.020) GeV?, (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/m,.
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 p% (B), this can be related, up to O(1/my) corrections,
to the four-quark matrix elements by the equation of motion for the gluon field strength
tensor,

[iDuuiDu] = igsij, [DH, G,uu] = —gst” Z qt’q, (2.72)
q=u,d,s

which leads to the relation

1 1 - 1 1 - 1
2Mp p5(B) = g2 B (—(’)q —O0f +-03 - (’)q> B)+ 0O () , o (2.73
BPDp(B) gS,Z<’ 81+24 1+42 122’>+ o ( )
q=u,d,s
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 ug = up,

which, together with a,(up) = 0.22, results in the values for the Darwin parameter shown
in table 5.1

'8 This small separation between p2(B) and p2(AJ) is consistent with the sum rules calculation in [137].

19For comparison, the values obtained using instead as = 1, and the four-quark matrix elements at the
low hadronic scale up,, read (p5(As), 5 (Es), 05 (%)) ~ (0.11,0.13,0.18) GeV3. However, the limit on the
size of p% (B) derived in [138] supports a lower value of a, consistent with the results in table 5.
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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 7(By), 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 p1 and pg are varied independently, both
in the same interval /2 < po1 < 245, with pp = 4.5 GeV, and using as central values
o = p1 = pp. In addition, in order to account for possible uncertainties in our assumption
for the “factorisation” scale uy, we vary this between 1 GeV and 1.5 GeV, fixing its central
value to 1.5 GeV.

As we present results for the lifetime ratios of b-baryons with the By meson, a couple
of comments with respect to our recent study [60] 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 By meson, differently from [60].2° Secondly, as the value of the
Darwin parameter p%(B) for baryons is obtained using the equations of motion for the
gluon field strength tensor evaluated at the scale py, see eq. (2.73), we again follow the

same procedure for the B; meson and use?!

03 (Bg) = (0.028 & 0.010) GeV?. (3.1)

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

=1+ [[(Hs) — T(H)HRE 7 (Hy )P (3.2)

where the difference I'(H2) — I'(H1) is computed from eq. (2.15), and we use as input the
experimental value for the lifetime of the H; 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

20However, for the Bq meson, the dimension-seven four-quark contribution turns out to be negligible, see
eq. (3.4) of [60].
21 This value is consistent with the experimental fit in [131], rather than that in [130].
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central values of the input parameters, we obtain

[ A 3 (A9 (O) a0
F(AY) = To | (5.97— 0.44 ) — 0.14 P2 (A8 )—135 bl 3)—(10.6+ 5.04 )b |
LT L GeV? Gevd =2 =) Gev
- LO ANLO LO ANLO
(3.3)
F(E0) = Ty |(5.97 - 0.44) —0.14 "2 G) 5570 (E0)
( b) ’ -( LO ANLO> G€V2 G V3
<01>:0 Ol>:g
~ (1824 4.02) 5 — (CT3L+ L48) 2 | (3.4)
LO ANLO LO ANLO
—_—— /-1’7r(‘—'b ) pD(‘—‘b )
T(Z;) =T |(5.97— 0.44) — 0.14 —1.35
= O[<‘zs’ e Gev?
(~7.62+ 102)«9%7 (~7.31+ 148)<Of>sb] (3.5)
- - . . 3 - 3 9 .
LO ANLO GeV LO ANLO GeV
2(Q, Q; Q;
() =To|(5.97— 044)—0.14“”( ) _ 941! 2) 1.35 70 3)
\Lg’ M) GeV? GeV GeV
(O1) -
_ _ b
(S38L+072) | (3.6)

LO ANLO

with ¢ = u,d. The total decay widths are clearly dominated by the dimension-three
contribution, 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 particular from the exc topology, which enters the Ag and Eg 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 A, eq. (3.3).

For completeness, we also show the decomposition for the total width of the B; meson,
cf. eq. (3.4) of [60]:

0y _ p7(B) 1ig:(B) ph(B)
F(Bd)_F0(597—044)—014GV2 024785 — 135GVS
LO ANLO
P4 Pd P4
— (0.01240.022) BY + (0.012+0.020) B — (0.74+ 0.03 ) BY
LO ANLO LO ANLO LO ANLO
+ (0.78 — 0.01) B — 0.14 697 +0.02547 — 2.29547 +0.00 6%
LO ANLO
— 0.01677 +0.01657 — 0.69657 +0.78 557 |, (3.7)

where B and qu,,gf 7 denote, respectively, the B meson dimension-six Bag parameters
and the ‘eye contractions’, see [60] for details. Their numerical values, as well as of those
for p2(B) and pZ,(B), are taken to be the same as in [60].
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Our HQE predictions for the b-baryon lifetimes and their ratios, together with the
corresponding 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 parameters and of the renormalisation scales pg, p1, and pp, as well as an additional
15% uncertainty added to the dimension-six contribution to account for missing 1 /mz1
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 7(H;)®*P 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]

(05, = (OHp, = —(3.24+1.6) x 1072 GeV?, (3.8)
we obtain a larger value for the lifetime ratio 7(AY)/7(BY), namely
7(A)/7(BY) = 0.976 4 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
I'sr,(B), defined as

FSL(B) = P(B — Xc_i_ugljg) s (310)
with a massless lepton ¢ = e, u. We obtain
Tsw(Tp) = 0.07570:503 ps ™', Tsr () = 0.07370:093 ps™*, (3.11)

which leads to the following results for the inclusive semileptonic branching fractions
BRg1(B):

BRsr,(Ap) = (11.0%5:3) %, BRsL(E, ) = (11.725¢) %, (3.12)
BRsr(E7) = (11.1758) %, BRs1(2,) = (12.0419) %, (3.13)

where
BRgy(B) = Tst.(B) 7(B)°. (3.14)

Note that the value for BRgr,(AD) in eq. (3.12) perfectly agrees with the result obtained in
the recent study [139]. Although measurements of inclusive b-baryon semileptonic branch-
ing fractions are extremely difficult at present machines, the theoretical predictions might
still prove useful in Monte Carlo simulations.
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Figure 3. Graphical representation of the results presented in table 6.
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Observable HQE prediction Experimental value
T'(A9) 0.6717) 098 ps~1 (0.680 + 0.004) ps—*
I'(=)) 0.67075-598 ps~1 (0.678 4 0.014) ps~*
(=) 0.622715-502 ps~1 (0.636 + 0.016) ps—1
(%) 0.591%5 071 s~ 0.610*056 ps~

7(A))/7(BY) 0.955 4+ 0.014 0.969 4 0.006
T(29)/7(BY) 0.956 + 0.023 0.974 4+ 0.020*
7(Z;)/7(BY) 1.029 +0.015 1.035 + 0.027*
7(Qy)/7(BY) 1.081 +0.042 1.08010 115"

7(29)/7(AD) 1.002 +0.023 1.006 + 0.021°*
() /7(AD) 1.078 £ 0.021 1.069 + 0.028*
7(Qy ) /T(A9) 1.132 4 0.047 111575132

T(Z29)/7(Z;) 0.929 4 0.028 0.929 4 0.028

Table 6. Comparison between our predictions based on the HQE and the data. The theoretical
uncertainties are obtained by combining uncertainties due to input parameters, the renormalisation
scales pg, p1, and pp, and missing 1/mj corrections. The experimental numbers marked with an
asterisk are obtained by dividing the corresponding values shown in table 1, and do not take into
account possible experimental correlations.

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 el-
ements 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 7(A))/7(Ba), 7(Z))/7(Ba), and 7(29)/7(Z; ),
the theoretical and experimental uncertainties are comparable, while for the total decay
rates the theoretical errors dominate, although, in the case of the €}, baryon, the experi-
mental uncertainties are also still quite sizeable.

In particular, we find

QE 0\ Exp.
(A" 7(A)
=1-(0.0454+0.014 =1—-(0.031 £ 0.006 4.1

showing that the measured suppression of the Ag lifetime by (—3.1 £ 0.6)% compared to
7(By) is impressively confirmed by the corresponding theory prediction of (—4.5 + 1.4)%.
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Therefore, we do not see any indications for visible violations of quark-hadron duality
affecting the HQE, as applied to the Ag 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, F:())O) in eq. (2.15), taking into
account charm quark mass dependence; LO-QCD corrections to the spectator effects, f‘go)
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/m?, i.e. I‘éo) in eq. (2.15), as well
as 1/N, corrections in the free quark decay. Furthermore, the NLO-QCD corrections to
the AB = 1 Wilson coefficients, to the free-quark decay, Fgl) in eq. (2.15), and to the
spectator effects, fél) in eq. (2.15), as well as the contribution of the Darwin operator, Féo)
in eq. (2.15), were unknown in 1986. Shifman and Voloshin correctly predicted 36 years
ago a small negative deviation of 7(AY)/7(BY) 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 have cancelled with the low value of the decay

2
constant used in 1986, fp = 110 MeV, resulting in (fl(31986)/f1(32023)) ~ 0.34.

Moreover, we confirm the experimentally observed lifetime splitting of the Eg and =,
baryons

[1]

r(2p)
(&)

coincidentally obtaining the same central value and uncertainty estimate. For the .

=1—(0.071 £0.028), =1-(0.071+£0.028), (4.2)

[1]

baryon we predict a larger lifetime compared to the Bg 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 uncer-
tainties in [13] are artificially small, as they arise only from the variation of pj, and from the
bag parameters entering the four-quark contribution to T(Bg), and do not include other
parametric and scale uncertainties.

Concerning the lifetime hierarchy, our calculations indicate

T(Ap) = T(Fp) < T(Sy) < T(Q). (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 Y(45) runs with Belle II. However, they might be feasible for the flavour
physics programme at the high luminosity upgrade of the LHC [140] or even further in the
future at FCC-ee, see e.g. [141, 142].

In order to further improve the theoretical precision in the lifetime ratios, the following
calculations can be performed in the future:
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* Non-perturbative, and in particular lattice QCD, determinations of the matrix ele-
ments of the four-quark operators of dimension-six, <@6>, and of dimension-seven,

(Or).
*+ NNLO-QCD corrections to the dimension-six spectator contributions, f’g).

* Complete determination of LO-QCD dimension-seven contributions, F(70).

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. F(g), were available. Hence, the computation of the missing
agz)—corrections to non-leptonic b-quark decays is highly desirable.

In conclusion, combined with our recent studies on charmed hadrons [58, 59] and on B
mesons [60], 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 and of the AB = 1 Wilson coefficients used
in our analysis.

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

The analytical expressions for the functions ng(m f1,%f,), introduced in eq. (2.25), are
provided explicitly below at LO-QCD. For non-leptonic transitions b — q1G2q3, with ¢1 2 =
u, c and g3 = d, s, they read respectively

2
Gk

f% (xquxqz) = m

6,int—

|V(11b‘2“/;12Q3|2mz /\(17$Q17xQ2) {kl {wl(xQlelz) <Og3>

— 2 (24,24, )(OF) | 2 w1 (2, 74, ) (OF) = 2 (g, 74,) (OF) } :

(B.1)
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Parameter Value Source || Parameter Value Source

Mp+ 5.27934 GeV Vs | 0.2250015-0002¢

Mg, 5.27965 GeV ||‘V/;::|| 0.08848+-9v224 (143
Mg, 5.36688 GeV Ve 0.04145% 56505

My, 5.61960 GeV | [117] 5 (65.5113)°

M- 5.7970 GeV mkin (4.573 & 0.012) GeV [130]
Mz 5.7919 GeV e (M) (1.27 £ 0.02) GeV [117]
Mg, 6.9452 GeV IB (0.1900 4 0.0013) GeV (144

as(Myz) | 0.1179 4+ 0.0010 fa, (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.

p1[GeV] 2.5 4.2 4.5 4.8 9
() 1.13 1.08 1.08 1.07 1.04
(1.17) (1.12) (1.11) (1.11) (1.07)
AT —0.27 ~0.19 ~0.18 ~0.17 —0.11
(—0.36) (—0.27) (—0.26) (—0.25) (—0.17)
Cal) 0.02 0.01 0.01 0.01 0.01
(0.02) (0.01) (0.01) (0.01) (0.01)
i) —0.05 —0.04 —0.03 —0.03 —0.02
(—0.04) (—0.03) (—0.03) (—0.03) (—0.02)
) 0.01 0.01 0.01 0.01 0.01
(0.01) (0.01) (0.01) (0.01) (0.01)
Coli) —0.06 —0.04 —0.04 —0.04 —0.03
(—0.05) (—0.03) (—0.03) (—0.03) (—0.02)
Cs® (1) (—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 y.

3 a2 )
Fg?eXC(xQ1’xQS) - 2775|V;11b|2|vq2% |2mg AL, @gy,2g5) (1 =gy —2gy) [k3<0(112> +k4<0(112>} )
(B.2)

- G2
I‘gfintJr (xqzva%) = ﬁqubPqu% |2mg A(l,x%,l‘@) {kfx {Wl(xQ37x112) <Og1>

— 205 (g5, 745 ) (OF' )| 4 [w1 (2, 74, ) (OF ) = 2w (45,74, (OF1) | } :

(B.3)
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while for semileptonic transitions b — ¢qi7pf, with ¢ = u,c and £ = e, u, 7, the explicit
expression is
- Gh v 2, 2
Fgfint‘F(xf’ sz) - E‘Vqﬂ)’ my )\(1,33@,.%‘1,[) {wl(aj@xl’z) <Og1> - 2(,U2($g,1',,4)<ogl>} )
(B.4)
where z§ = mfe/m% and A(a,b,c) = (a — b — ¢)? — 4bc is the Killen function. Moreover, in

egs. (B.1)—(B.4) we have introduced the functions w 2(a, b), symmetric in their arguments,
with

wi(a,b) = (a—b)2+a+b—2, wa(a,b) =2(a—b)?— (1+a+b), (B.5)
while ki, ..., kg, denote the following combinations of Wilson coefficients:
k1 =2C1Cy+ N.C3,  ky= C?, (B.6)
ky = 20105, k= (C}+C3),
ks = N.C? +2C1Cy, ke= C3. (B.8)
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