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ABSTRACT: The lifetimes of bottom and charmed hadrons are analyzed within the frame-
work of the heavy quark expansion (HQE). Lifetime differences arise from the spectator
effects such as weak W-annihilation and Pauli interference. Spectator effects originating
from dimension-7 four-quark operators are derived. Hadronic matrix elements of four-
quark operators are parameterized in a model-independent way. Using the dimension-6
bag parameters recently determined from HQET sum rules and the vacuum insertion ap-
proximation for meson matrix elements of dimension-7 operators, the calculated B meson
lifetime ratios 7(B*)/7(BY) = 1.0747001% and 7(BY)/7(BY) = 0.9962 + 0.0024 are in ex-
cellent agreement with experiment. Likewise, based on the quark model evaluation of
baryon matrix elements, the resulting baryon lifetime ratios 7(Z;)/7(A}), 7(Z;)/7(E)),
7(€,)/7(Z; ) and the A, — B lifetime ratio 7(AY)/7(BY) = 0.953 also agree well with the
data. Contrary to the bottom hadron sector where the HQE in 1/my, works well, the HQE
to 1/m} fails to give a satisfactory description of the lifetimes of both charmed mesons and
charmed baryons. This calls for the subleading 1/m¢ corrections to spectator effects. The
relevant dimension-7 spectator effects are in the right direction for explaining the large
lifetime ratio of 7(ZE})/7(A}). However, the destructive 1/m. corrections to I'(QY) are
too large to justify the validity of the HQE, namely, the predicted Pauli interference and
semileptonic rates for QU become negative. Demanding these rates to be positive for a
sensible HQE, we find the lifetime pattern 7(ZF) > 7(Q0) > 7(A}) > 7(Z2), contrary to
the current hierarchy 7(ZF) > 7(AF) > 7(2%) > 7(Q2Y). We conclude that the Q2. which
is naively expected to be shortest-lived in the charmed baryon system owing to the large
constructive Pauli interference, could live longer than the AT due to the suppression from
1/m. corrections arising from dimension-7 four-quark operators. The new charmed baryon

lifetime pattern needs to be tested in forthcoming experiments.
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1 Introduction

It was realized since the late 1970s and 1980s that the lifetime differences of singly heavy
hadrons containing a heavy quark () arise mainly from the spectator effects like W-exchange
and Pauli interference due to the identical quarks produced in heavy quark decay and in
the wave function of the heavy hadron [1-4]. The spectator effects were expressed in
1980s in terms of local four-quark operators by relating the total widths to the imaginary
part of certain forward scattering amplitudes [5-7]. With the advent of heavy quark ef-
fective theory (HQET), it was recognized in early 1990s that nonperturbative corrections
to the parton picture can be systematically expanded in powers of 1/mg [1-4]. Within
the QCD-based framework, namely the heavy quark expansion (HQE), which is a general-
ization of the operator product expansion (OPE) in 1/m¢ in the Minkowski space, some
phenomenological assumptions in 1980s acquired a firm theoretical footing in 1990s and
nonperturbative effects can be systematically studied (for a review, see [8]).

On the basis of the OPE approach for the analysis of inclusive weak decays, the inclu-
sive rate of the heavy hadron Hg is schematically represented by

GEm? Ay A3 A 1
F(HQ—)f):%VCKM Ao+§+§+i+0<5> , (1.1)



where Vogwu is the relevant CKM matrix element. The A term comes from the decay of the
heavy quark @ and is common to all heavy hadrons Hg. There is no linear 1/mg corrections
to the inclusive decay rate due to the lack of gauge-invariant dimension-four operators [1,
9, 10], a consequence known as Luke’s theorem [11]. Nonperturbative corrections start
at order 1 /m% and are model independent. Spectator effects in inclusive decays due to
the Pauli interference and W-exchange contributions account for 1/ m% corrections. The
estimate of spectator effects is model dependent; the hadronic four-quark matrix elements
are usually evaluated by assuming the factorization approximation for mesons and the
quark model for baryons. Moreover, there is a two-body phase-space enhancement factor of
1672 for spectator effects relative to the three-body phase space for heavy quark decay. This
means that 1/ m?@ corrections can be quite significant. Moreover, spectator effects in charm
hadron decays, being of order 1/m?, can be comparable to and even exceed the Ay term.

Based on the HQE approach for the analysis of inclusive weak decays, the first cor-
rection to bottom hadron lifetimes is of order 1/mj and it is model independent. For
example, it was found in [12] that 7(B7)/7(Bq) =~ 7(Bs)/7(B4) = 1+ O(1/m}) and
7(Ap)/7(Bg) = 0.98 + O(1/m}). The 1/mj corrections can be expressed in a model-
independent manner [12]

7(Ap)

~ 0.98 — 0.17¢1 + 0.205 — (0.012 + 0.021B)r, (1.2)
7(Bg)

where ¢;, B;, B, r are the hadronic parameters to be introduced below in section 3.1.
Experimentally, the Ag lifetime was significantly shorter than the B meson one in the early
measurements. Taking the current B® meson lifetime 7(B%) = (1.520 + 0.004) ps [13] as
a benchmark, 7(Ap) was found to be (1.14 4+ 0.08) ps in 1996 [14]. The world-averaged
lifetime ratio then was

T(A})

7(B9)

dominated by CERN ete™ collider LEP experiments [15]. This lifetime ratio remained
essentially unchanged even in 2004 [16]

T(AD)
7(B9)

=0.794+0.06  (1996), (1.3)

=0.803+£0.047,  HFAG 2004. (1.4)

Since the two parameters £; and €2 obey the constraint £; ~ 0.3¢2 [12] and they vanish un-
der vacuum insertion approximation, it is very difficult to employ the HQE prediction (1.2)
to accommodate the experimental value of 7(Ay)/7(Bg) without invoking too large a value
of 7 and/or B. Tt is thus reasonable to conclude that the 1/ mj corrections in the HQE do
not suffice to describe the observed lifetime difference between Ay and Bj.

Motivated by the conflict between theory and experiment for the lifetime ratio
T(Ap)/7(Bqg), it was suggested in [17] that the assumption of local duality is not correct
for nonleptonic inclusive width and that the presence of linear 1/m; corrections prohibited
in the HQE is strongly implied by the data. As shown in [18] and [19], the simple ansatz
of replacing I'ny, by I'ni(ma,/ mp)° not only solves the lifetime ratio problem but also
provides the correct absolute decay widths for the A, baryon and the B meson. However,



there exist several insurmountable difficulties with this scenario and some of them were
already discussed in [18].

Nowadays we know that the issue with the low value of A, — B lifetime ratio or
the short Ay lifetime was on the experimental side. The first direct measurement of the
lifetime ratio 7(AY)/7(B°) was carried out by the DO Collaboration in 2005 with the result
0.87f8:ﬂi0.03 [20]. Also, the CDF experiment measured the Ay lifetime in exclusive decay
to J/1¢A [21] and showed that the A, lifetime is significantly longer than either previous Ay
lifetime measures or state-of-the-art calculation based on the HQE at the time. The world
averages as of today are [13]

7(A9) = (1470 £0.010) x 1025, 7(AQ)/7(BY) = 0.964+£0.007.  (1.5)

As we shall see in section 4.1 below, the current value of the Ay — B lifetime ratio can be
explained nicely in the HQE approach.

The major theoretical uncertainties of the HQE predictions for hadron lifetimes come
from the hadronic matrix elements of four-quark operators. In the meson sector, the
meson matrix elements can be expressed in a model-independent manner in terms of four
bag parameters B2 and €12. These parameters have been calculated using lattice QCD
and QCD sum rules (see [8] for a review). Based on HQET sum rules, they have been
updated recently in [22]. For the baryon matrix elements, they can be parameterized in
terms of four parameters Lq,... 4, but only two of them are independent.

Although the heavy quark expansion in 1/my works well for B mesons and bottom
baryons, the HQE in 1/m, fails to give a satisfactory description of the lifetimes of both

charmed mesons and charmed baryons. First of all, to order 1/ mg

, the destructive Pauli
interference in DT decay overcomes the ¢ quark decay rate so that the inclusive rate and
the lifetime of DT become negative. Hence, it is not meaningful to discuss the lifetime
ratio 7(DT)/7(DP) at this level. Second, the lifetime pattern of charmed baryons is under-
standable only qualitatively, but not quantitatively. The quantitative estimates of charmed
baryon lifetimes and their ratios are still rather poor [18]. For example, 7(=})/7(A) is
calculated to be 1.03 (see section 4.2 below), while experimentally it is measured to be
2.21 £ 0.15 [13]. Therefore, it is natural to consider the effects stemming from the next-
order 1/m, expansion. Specifically, we shall consider the subleading 1/m,. corrections to
the spectator effects.

The 1/mg corrections to the spectator effects are computed by expanding the for-
ward scattering amplitude in the light-quark momentum and matching the result onto the
operators containing derivative insertions. Dimension-7 terms are either the four-quark
operators times the spectator quark mass or the four-quark operators with an additional
derivative [23, 24]. Dimension-7 operators were first studied in [25] for the width difference
in the By — By system, in [23, 24] for the lifetime differences of heavy hadrons and in [26]
for D-meson lifetimes.

In this work we will study spectator effects in inclusive nonleptonic and semileptonic
decays, analyze the lifetime pattern of heavy hadrons, and pay attention to the effects of
dimension-7 operators on the heavy hadron lifetimes, especially for the charmed mesons
and baryons. Our goal is to see if the aforementioned problems such as the negative lifetime



of the D" meson and the closeness of = and A lifetimes can be resolved by the inclusion
of subleading 1/mg corrections to the spectator effects.

This work is organized as follows. In section 2 we give general heavy quark expansion
expressions for inclusive nonleptonic and semileptonic widths. We then study lifetimes
of B and D mesons in section 3 and bottom and charmed baryons in section 4 with the
evaluation of hadronic four-quark matrix elements. Discussions and conclusions are given
in section 5. In appendix A we sketch the derivation of dimension-7 four-quark operators
relevant for the spectator effects in heavy baryon decays. Appendix B is devoted to the
evaluation of baryon matrix elements in the quark model.

2 Framework

In this section we write down the general expressions for the inclusive decay widths of
heavy hadrons and leave the evaluation of the relevant hadronic matrix elements to the
next section. It is known that the inclusive decay rate is governed by the imaginary part
of an effective nonlocal forward transition operator 7’. When the energy released in the
decay is large enough, the nonlocal effective action can be recast as an infinite series of
local operators with coefficients containing inverse powers of the heavy quark mass mg.
Under this heavy quark expansion, the inclusive nonleptonic decay rate of a singly heavy
hadron Hg containing a heavy quark @ is given by [1-4]

I'(Hq) = Im (Hq|T|Hg) = S

(Ho| / 2oL (@) w0 Ho),  (21)
Q Q

2mpy

where the second 71" appearing in the integral is a time-ordering symbol. Under the operator
product expansion, the transition operator 7' can be expressed in terms of local quark

operators
GZm} - C5,Q A~ Co c7
T = 026 (3,0QQ+ 5°Qu-GQ+ g To+ LTyt |, (22)
us mg, me me

where £ is the relevant CKM matrix element, the dimension-6 Ty consists of the four-quark
operators (QI'q)(qT'Q) with I' representing a combination of the Lorentz and color matri-
ces, while a subset of dimension-7 7% is governed by the four-quark operators containing
derivative insertions (see section 2.2 below). Since o -G = —25 - g, the Qo - GQ term
describes the interaction of the heavy ) quark spin with the gluon field. Explicitly,

G%m5 2 2 2
_ Q NL 2 el NL MG
FNL(HQ) - 19273 5 €3,Q [1 - gm% :| + 2657Q mé

NL NL
L G0 (HolTs|Ho) | . (HolT7lHg) (2.3)
mg,  2mu mé 2mp, ’ '

where use of _ ) 9
(HolQQIHg) _ | 1 | Hg (2.4)



has been made with

2 _ 1 0572 _ (s 2 _
M = S (HolQ(iD)"Q|Hg) = Dy (HolQ(iD1) Q|Hg) = —1,
1 1
p = S <HQ|Q§U -GQ|Hg) = dgs. (2.5)

In heavy quark effective theory, the mass of the heavy hadron Hg is of the form

M i
2mg  2mq’

mp, = mq + Au, — (2.6)
where the three nonperturbative HQET parameters ]\HQ, A1 and A9 are independent of
the heavy quark mass and Ap,, can be regarded as the binding energy of the heavy hadron
in the infinite mass limit.! Since the chromomagnetic field is produced by the light cloud
inside the heavy hadron, it is clear that o - G is proportional to g@ . 5’@, where §Q (gg) is
the spin operator of the heavy quark (light cloud). The parameter d is given by

dy = —(Hgl|4Sq - Si|Hg)

== _2[Stot(5tot + 1) - SQ(SQ + 1) - SZ(SZ + 1)] (27)
Therefore, dy = 3 for B and D mesons, dg = —1 for B* and D* mesons, di = 0 for the
antitriplet baryon T, dy = 4 for the spin—% sextet baryon Sg and dy = —2 for the spin—%

sextet baryon S¢,. It follows from eq. (2.6) that

1 0.12 GeV? B ,
ArQneson — Z(m%’* - m%) _ , fOT' meson
0.14 GeV*  for D meson,
baryon 1
A = 6@”%@ - mgQ) (2.8)

Numerically (in units of GeV?),
AYe = 0.054, A5e = 0.061, AZe = 0.064,
AT = 0.040, A5t = 0.040, AZ = 0.041 . (2.9)
It is interesting to note that the large- N, relation [28, 29|
Aeson . ybaryon (2.10)

is fairly satisfied especially for bottom hadrons. As for the kinetic energy parameter Aq,
we shall use [30]
Apeson  abaryon () 439 4+ (.068) Ge V2. (2.11)

Summing over the contributions from b — c¢s, b — ced, b — cud and b — cus
processes, we have [1-4]
Ay = (Nect + Nec3 + 2c1c2) (Io(,0,0) + Io(z, 2,0))
(:1;],; = - (Ncc% + Neca + 2c1¢2) (I1(x,0,0) + I (z, x,0))
—8cica(I2(2,0,0) + Iz(x, x,0)), (2.12)

'For a review of the nonperturbative HQET parameters see ref. [27].



where © = (m./my)? and the good approximations |Vig|? + |Vus|? = 1, |Ves|? + |Vea|?> =~ 1
have been made. In the above equation, ¢, ¢ are Wilson coefficient functions, N, = 3 is
the number of color, Iy, I and Is are the phase-space factors:

Io(x,0,0) = (1 —2*)(1 — 8z + 2%) — 122°Inx,
I1(x,0,0) = % (2 — x(i) Io(x,0,0) = (1 — z)%,
Ir(x,0,0) = (1 — )3, (2.13)

for b — cud and b — cus (x = m2/m?) or ¢ — sud (x = m?/m?) transition and

1
Io(z,2,0) = v(1 — 14z — 22% — 1223) + 242%(1 — 2%) In 1 i_:j,
1 d 1
L(z,2,0) = = (2—2— ) Io(z,2,0) = v(1 — 22)(1 — 42 — 62%) + 242 In +U,
2 dz 1—v
2 oy, L+w
I(z,2,0) = v (1 + 5430 ) —32(1 - 2% In (2.14)
—v

for b — cés or ¢ — s5u transition with v = /1 — 4z. For the ¢ quark decay, contributions
from ¢ — sdu and ¢ — s5u yield

C3N% = (Ncc% + Nccg + 26102) (IO($7070)|Vud|2 + Io(l‘,x, 0)|Vus|2) )
C5NIC_‘ = — (NCC% + NCC% + 26102) (Il(x707 0>‘V’ud’2 + 1-1(3773:7 0)|VUS’2) (215)
_80162 (I2($7070)|Vud|2 + IQ(I',.ZE, 0)|VU5|2) ’

with z = (ms/me.)?.
It is now ready to deduce the inclusive semileptonic widths from eq. (2.3) by putting
cp=1,c9=0and N, = 1:

GEmg) N NG st b
I'sL(Hg) = 1023 3 5 + 2¢3 e (2.16)
mQ mg
where
(@, ;) = 2Iy(2,0,0) + Io(z, 2, 0),
Sz, xr) = — (211(2,0,0) + I (2, 2-,0)) (2.17)
and
chZ( ) = IO(x7070) +IO($7‘TM70)7
%(z,m,) = — (I1(2,0,0) + I1(z,2,,0)) (2.18)

with 2, = (my/mg)?. For the expression of Iy 1(z,y,0) with y # x, see [31] or the appendix
of [32] with Cy = Iy(z,y,0) and Cuz, = Ii(z,y,0).



2.1 Dimension-6 operators

Defining

GEm?
To = Jog5 00 To: (2.19)

the dimension-six four-quark operators in eq. (2.3) responsible for spectator effects in in-
clusive decays of heavy baryons (denoted by Bg) are given by [5-7]

Tomn. = G;Qa 2 {(+3)(QQ)@an) + 2102 Q)@ @) }.
Tomit = —G%Wmé s<1—x>2{c% [(1+3) (QQ)(@20) - (1+22)Q° (1= 15)a5 5 (1+75)Q° |
+2erca+ Nedh) [ (145 ) (Qao) (@Q) - <1+2x>©<1—fmqm(m@@}},
Todit = Gém@fﬁ{c [1 2)(QQ)(3343) — (1+2x)Qa(1—%)qgcj?(lwys)Qa}
+(2c10+ Nec3) [ 3)(03Q) — (1+2$)Q(1—75)Q3Q3(1+75)Q}},
Toii = —G?;;ffé f{c% (QQ)(@a5)— Q" (1-15)45 5 (1+75)Q”

+(2c1c2+ Neci) [(Q%)(@zz@) —Q(1—5)g3q3(1 +’Y5)Q} }, (2.20)

where (q1¢2) = 17, (1 —"5)q2, @, [ are color indices and £ is the relevant CKM matrix ele-
ment for the quark-mixing-favored decay. Note that for charm decay, Q = ¢, g1 =d, ¢ = u
and g3 = s and for bottom decay, Q = b, g1 = u, g2 = d, q3 = s. In the baryon sector,
the first term %?fn’zl corresponds to a W-exchange (or generically weak annihilation) con-
tribution (see figure 1(a)), the rest to contributions from Pauli interference. For example,
%i?l;qu arises from the destructive interference of the go quark produced in the heavy quark
@ decay with the gp quark in the wave function of the heavy baryon By (figure 1(b)). The
last term T fiff in (2.20) is due to the constructive interference of the s quark and hence
it occurs only in charmed baryon decays, i.e. @ = ¢ and ¢3 = s (figure 1(c)). The third
term 7g m’qg
or ¢ — ssu. This term exists in bottom decays with c¢ intermediate states and in charm

comes from the destructive Pauli interference due to b — cés (figure 1(b))

decays with ss intermediate states.

As we shall see in section 4, Pauli interferences described by 7;). m’QQ and 7%61?12("_3

destructive as the relevant Wilson coefficient of the form (N.c + 2cica — Bel) with the

are

hadronic parameter B defined in eq. (4.2) is negative in both charm and bottom sectors,
whereas the Pauli interference from 7;52& is constructive as the relevant Wilson coeffi-
cient (Ncc% + 2¢109 — BC%) is positive. This is not necessarily true for dimension-7 Pauli

interference effects to be described below.



Figure 1. Spectator effects in heavy baryon decays: (a) W-exchange, (b) destructive Pauli inter-
ference for b — ciid and b — cés, and (c) constructive Pauli interference for ¢ — uds.

In the heavy meson sector, the W-exchange contribution to the heavy meson corre-
sponds to the Pauli interference term ’7?5%7 in eq. (2.20) in heavy baryon decays, while
the Pauli interference in inclusive nonleptonic decays of heavy mesons corresponds to the
annihilation term 7'6173};” in heavy baryon decays. This will be discussed in section 3.

It is clear from egs. (2.3) and (2.20) that there is a two-body phase-space enhancement
factor of 1672 for spectator effects relative to the three-body phase space for the heavy
quark decay. This implies that spectator effects, being of order 1 /m%, are comparable
to and even exceed the 1/ m2Q terms. Note that the Wilson coefficients and four-quark
operators in eq. (2.20) are renormalized at the heavy quark mass scale. Sometimes the
so-called hybrid renormalization [6, 33] is performed to evolve the four-quark operators
(not the Wilson coefficients!) from mg down to a low-energy scale, say, a typical hadronic
scale pnaq. The evolution from mg down to pinaq will in general introduce new structures
such as penguin operators. Nevertheless, in the present paper we will follow [12] to em-
ploy (2.3) and (2.20) as our starting point for describing inclusive weak decays since it is
equivalent to first evaluating the four-quark matrix elements renormalized at the mg scale
and then relating them to the hadronic matrix elements renormalized at pp,q through the
renormalization group equation, provided that the effect of penguin operators is neglected.

For inclusive semileptonic decays, apart from the heavy quark decay contribution there
is an additional spectator effect in charmed-baryon semileptonic decay originating from the
Pauli interference of the s quark [34]; that is, the s quark produced in ¢ — s¢Tv; has an
interference with the s quark in the wave function of the charmed baryon (see figure 2).
It is now ready to deduce this term from TﬁtffntJr in eq. (2.20) by putting ¢; = 1, ¢3 = 0,
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Figure 2. Spectator effect in the charmed-baryon semileptonic decay.

N.,=1and g3 = s:

G2m? 1
Do (Be) = == = Vel 5 —

(B (@) (5¢) — &(1 — ~v5)s5(1 + 75)c| Be). (2.21)

c

Obviously, this term occurs only in the semileptonic decays of =, and (2. baryons.

2.2 Dimension-7 operators

To the order of 1 /m‘é2 in the heavy quark expansion in eq. (2.3), we need to consider
dimension-7 operators. For our purposes, we shall focus on the 1/mg corrections to the
spectator effects discussed in the last subsection and neglect the operators with gluon fields.
As mentioned in the Introduction, the relevant dimension-7 terms are either the four-quark
operators times the spectator quark mass or the four-quark operators with an additional
derivative [23, 24]. We shall follow [26] to define the following dimension-7 four-quark
operators:

PY = ;;L;Q(l —5)qq(1 —v5)Q, Py = ;1;@(1 +75)9q(1 +75)Q,  (2.22)

1 - « 3 1 - « _
P{ = —5Q Dpvu(1 = 75)D?qq7"(1 = 75)Q, P =—5Q D, (1—75)D?qq(1 + 5)Q,
mq mq

Pl = leQw(l —15)a" (1 —75)(iP)Q,  Pf = T;QQ(l —75)qq(1 +75) (i D)Q,

and the color-octet operators S? (i = 1,...,6) obtained from P! by inserting t* in the two
currents of the respective color singlet operators, for example, S] = %Q(l — v5)t%qq(1 —
Y5)tQ.

Following the prescription outlined in [26], one can derive the dimension-7 operators
relevant to heavy baryon decays. Explicitly (see appendix A for details),

GZ m2
Trow = Qe (1 - :c){ (2Necrez + ¢ + ) [201+ ) P + (1 - 2) P
+6(ci + ¢3) {2(1 +2)ST+(1- a:)Sgl} }
GZm? 1
T = ;Qavw%(Nﬁ+%m+Md)Lﬂ—mu+%W?+%ﬂ

+2(1+ 2 + 22 PP — 1222P% — (1 — 1) (1 v g) PE 4+ (1-2)(1+ 233)Pé12]



+2cf [ — (1 —2)(1 +22)(S% + S£) +2(1 + = + 2?) S — 12228

(1-2) (1 + g) SE 4 (1—2)(1+ Qm)sgz] } (2.23)
Ba.as G2 a3 a3
Trint = f@ Fcl +2ci00 + Necd ) | — (14 22) (P + PP)
+q _2433(1 — 2z — 22%)P{® — 12430 PP —(1—2)PF +(1+ 2:1:)Pg3]
+2c7 [ — (14 2x)(SP 4+ 55°) + (1 - 22 —22%)SP — 1249” S8

2,2
Be, Gsm, 1
7-7m:_ 165’7[-05{ (N CQ+20102+N61>

+2c§[—55—55+255—55+sg}}.

4
—(1—2)S® + (1 + 22) Sq?’ }
[ — P{ 4+ 2P — PS4+ P:

However, we shall see later that in order to evaluate the baryon matrix elements, it is more
convenient to express dimension-7 operators in terms of P{ and ]5;1 ones, where P; denotes
the color-rearranged operator that follows from the expression of P; by interchanging the
color indices of the ¢; and g; Dirac spinors. For example, ]51‘1 = %Qi(l —75)¢Gi (1 —75)Q;-
Using the relation

S; = 21NCB- + % (2.24)
we obtain
Tron — G%;Z% £(1— :C){chcg [2(1 + o) PO (1 - x)Pgl}
+( + ) 20+ 2)Pf + (1 - ) P }
Tham _ G%Z”ng (1 — x){ (20162 + Ncc§> [— (1—2)(1 + 22)(P® + P®)

+2(1 + 2 + 22) PP — 1222P" — (1 — ) (1 + g) P4+ (1-2)(1+ 2x)Pg2}

+c [ — (1= 2)(1 +22) (PP + P) + 2(1 + & + 2*) P* — 1222 P

—(1-2) (1 + %) PE 4 (1-2)(1+ 2x)]5é12] } (2.25)

,10,



2,52

G5m,
ﬁ%§3:E%Q§¢1—@{(%WQ+NJQ[—(L+MMP?+f?)

242
1 —4x

2

+1—4m

(1 -2z —22%) P — PP — (1 —x)P® + (1 +22)P®

L 2 . 240”4
2 2
+ci [ — (1+2z)(PF + PP) + - 496(1 — 2z — 22°)P® — - 433333

—(1—2)P® + (1 + 2J;)]5g3] },

2,2
GEm?

Be,s
7-7,int - 67

g{ (2c162 + Nec?) [ — Py — P5 +2P; — P + Pg]
+c§[—ﬁf—15§+215§—15§+155}}.
For the dimension-7 operators relevant to heavy meson decays, see the next section.

2.3 Lifetime ratio

In order to compare the HQE predictions with the experimental results, we often consider
the lifetime ratio of two heavy hadrons H; and Hs, which reads

T(H) o Te=Ty o pa(Hh) = pe(Hs) | esq + 2650 pg(H) — ng(Ha)
T(H2) I Zmé 3,0 2m2Q
L Coq (Ha|Ts|Ha)  coq (HnlTs|Hy)
€3,0 Qm%mﬁ,2 €3,0 2771?(’917”LH1
Lo D|TrlHy) g (Fi|T7|H) (2.26)
€3,0 Qm‘ézmﬂ2 €3.0 QmémH1 ’

where use of egs. (2.3) and (2.16) has been made, ¢3¢ = cgné + chQ and likewise for cs ¢.
Note that the lifetime ratio computed in this manner is valid for B mesons and bottom
baryons where the HQE in 1/my, converges nicely, but not for charmed hadrons where the
inclusive rates are not dominated by the c3 . term.

3 Lifetimes of heavy mesons

3.1 Lifetimes of bottom mesons

We shall first fix the b quark mass from the measured inclusive semileptonic decay rate.
Experimentally [13],

B(B" — Xeetve) = (1084+04)%,  B(B° — XeeTve) = (10.1 +0.4)%,
B(B*/B® admixture — X.eTv.) = (10.65 = 0.16)%. (3.1)
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Theoretically, eq. (2.16) leads to?

G%m} 9 o 2
Vi 24 Io(2,0,0 (1 7) 1 Hr

19975 Vel fo(@,0,0) (T +a ( 2m§>

+ (Io(x,0,0) — 43 (x,0,0)) (1 + b%) 2"”%2} (3.2)
b

I'(B — Xeetv) =

where we have included the radiative corrections to order o characterized by the param-
eters a and b. The order a, corrections alone without p2/m? or pZ/m? terms were first
calculated in [36-38]. Corrections of order a,u2/mi have been calculated in [39, 40], while
the O(aspuZ/m?) terms in [41, 42]. The analytic expression of the coefficient a can be
found in [38] and the b term in [42].

The inclusive rate is very sensitive to the quark mass my. The reliability of the calcu-
lation depends on the ability to control the higher order contributions in the double series
expansion in «s and Aqcp/mp. The pole mass definition for heavy quark masses does
not converge very well and moreover it is plagued by the renormalon ambiguity [43, 44].
For the short-distance MS mass 1 (my), it is not under good control for the smaller scale
i~ 1GeV. Two different schemes commonly used to define the short-distance b-quark
mass are the kinetic [45, 46] and the 1S [47] schemes. We follow [30] for a recent global
fit of inclusive semileptonic B decays in the kinetic scheme. This analysis includes higher
power corrections O(1/m{) and O(m}) and next-to-leading order QCD (NLO-QCD) cor-
rections O(a?). In this scheme, it is conventional to constrain the charm quark mass to
be the MS one m.(3GeV) = 0.987 £ 0.013 GeV which yields a better convergence of the
perturbative series. The results of the fit are [30]:

mE (1 GeV) = 4.546£0.021 GeV, p2 = 0.432+£0.068 GeV?, puZ = 0.355+£0.060 GeV?,
(3.3)
The corresponding MS mass m;(myp) for mi®(1 GeV) is close to the usual one.

To the leading-order QCD (LO-QCD), the definition of the quark mass is very arbi-
trary. If everything is calculated consistently to NLO-QCD, the dependence of the final
result on the quark mass definition will be considerably weak when the relations between
different quark mass schemes are used consistently at the NLO accuracy.® Although di-
mension 3, 4 and 6 Wilson coefficients up to NLO-QCD are available for heavy B and
D mesons, they are still absent for heavy baryons. Dimension-7 Wilson coefficients are
known only to the LO level for both heavy mesons and baryons. For this reason, in this
work we shall focus on the LO-QCD study. In the bottom hadron sector, we use the quark
masses my, = 4.546 GeV and m. = 0.987 GeV obtained in eq. (3.3). The reason is that the
calculated inclusive semileptonic rate to LO, I'(B — X.etv.) = 4.59 x 1071 GeV using
the kinetic b quark mass is very close to the experimental measurement:

I'(B*/BY admixture — X.eTv.) = (4.476 £ 0.067) x 1071 GeV, (3.4)

2Corrections to inclusive semileptonic B decays have been calculated to order O(a?) and O(1/mj) [35].

3Besides the above-mentioned inclusive semileptonic B decays, another example is given in [48] for
inclusive nonleptonic decay rates to NLO which are calculated in various quark mass schemes. The numerical
results are similar for different short-distance quark masses.
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where the average lifetime 7(B*/B°/ B, /b—baryon admixture) = (1.566+0.003) ps [13] and
branching fraction (3.1) have been made. If the running quark masses m(my) = 4.248 GeV
and m.(m.) = 1.277 GeV are employed, the obtained I'(B — X.eTv,) to LO will be too
small by 47% compared to experiment. It should be stressed that to the NLO-QCD, the
dependence of the inclusive semileptonic rate on the quark mass definition is considerably
weak.

We next turn to the spectator effects of order 1/ mb The W- exchange contributions

to By and By correspond to the Pauli interference terms ’7% ffﬁ% nd 7T Zﬁ;%, respectively,

in eq. (2.20) for heavy baryon decays, while the Pauli interference in inclusive nonleptonic

41

B~ decay corresponds to the annihilation term %Bﬁm in heavy baryon decays:

GFmb

TG ann = £(1—=) { (]\ITCC% +2cic0 + N&%) [ (1 + g) (bd)(db)
—(1 4+ 22)b(1 — 5)dd(1 + 75)17] +2c [ (1 n ) (bt%b) (dtd)

—(1+22)b(1 — 75)t*dd(1 + ’Ys)tab] }

T = G%mb V1 455{ <01 + 2c1c2 + N, 02> [(1 — x)(bs)(5b)
(14 22)b(1 — 75)s5(1 + 75)17} + 202 [(1 — 2)(bt9b) (5t%)
“(1 4 22)b(1 — 5)t%s5(1 + 75)1:%] } (3.5)

GFmb é-

By, _
7-6 ’Li;lt - 67

(1- )2{ (2Necres + cf + ¢3) (bu)(ab)
+2N.(c} + ¢3)(bt"u) (utb) }

where (q1t%q2) = Gy, (1 — 75)t*g2 with t* = A*/2 and we have applied the relation

1
2N,

_ ) 1 - -
(Qatapds)(@pt5e Qo) = 5(QQ)(74) — 57 (Q4)(4Q) (3.6)
to the transition operators so that they are more suitable for the matrix element evaluation
in the meson case. Likewise, dimension-7 operators relevant for heavy meson decays can
be read from eq. (2.23):

G%mb
6

TP, = S g1 - ){ (et + 20024 M) | = (L= )1+ 20) (P + )

121+ 2+ 2?)Pd — 1222P8 — (1 — 2) (1 + g) PL 4 (1— 2)(1 + 22) P2
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+2cf [ — (1 —2)(1 4+ 22)(S¢ + 89) + 2(1 4+ = + 22)5¢ — 12225¢

—(1-2) (1+§) Sd+ (1 —:c)(1+2ac)5g] } (3.7)

2

G+m
7-7asnn: G €v1—4${ <N01+26102+NCCQ> |:_(1+2$)(P15+P25)

2 2472
+ (1- 22— 222)P5 — =2 P = (- 2)P5 + (14 22) Py
1—-4z 1—
2 2412

—(1—2)SE+ (1 + 2$)S§] },

TB . G%‘mb 5(1 _ 2N, 2 2 U o U
Tint — ) ( cC1C2 + ¢ + Cg) 2(1+ iL')P3 + (1 :U)P5

6

+6(c2 + 2) [2(1 +2)SY+ (1 — x)sg] }

For the meson matrix elements of four-quark operators, we follow [12] to define the bag
parameters B; and ¢; to parametrize the hadronic matrix elements in a model-independent
way:

(Byl(ba)(qb)|By) = fB,m, B,

(Bqlb(1 —5)qq(1 +75)b|By) = f5,mE, Ba,
(Byl(btq)(qt°0)|By) = f5,mp,e1, (3.8)

(Bglbt*(1 —5)qq t*(1 +v5)b| By) = f,mp, e2.
Under the vacuum-insertion approximation, bag parameters are given by B; = 1 and ¢; = 0,
but they will be treated as free parameters here. In the large- N, limit, it is expected that
B; ~ O(1) and ¢; ~ O(1/N.). Likewise, the matrix elements of dimension-7 four-quark

operators read [26]

m .
<BQ|P7,q|BCI> = _H:f%m%pzq? 1=1,2,
(B|P|By) = (1) fjmiy 5 (B ~1) =34 (39)
m .
(BB = (1) g (75~ 1) ot i=5.6
b

and similar parametrization for the color-octet operators with the replacement of P — S
and p; — o;. Under the vacuum-insertion approximation, pg =1 and all ¢’s vanish.
Applying egs. (3.8) and (3.9) to evaluate the B-meson matrix elements of dimension-6
and dimension-7 four-quark operators, (3.5) and (3.7), respectively, the spectator effects
(By|Ts + T7| By)

spec (Bq) = 2mB
q

(3.10)
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have the expressions

Fann(Bd) — _G%m%

1
chVud\Qlwlg(O) \2(1 — a:)Q{ <NC% +2c1co+ Ncc%>

x
(1+3) 5
2
l+z+a? ;, 622

—(14+22)B d (1 ) 142
(142z) 2+< [, Psty—ri—5\1+5)r- (+ )
(7e1) (
X[ —=-1
mb
61’2 d 1 X d
+1_x04—§(1+§)05—7 (14+2z)0 ——1 ,

1
’Vcbvcs‘2|¢b§s(0)|2 Vv 1_417{ <NC%+20102+NCC%) [(1_$)Bl (3'11)

+ZL‘—|—$ d

+2¢3 (1+;)sl— (1+2x)ep +

2.2
Gym,

Fann(Bs) -

s

1—2x— 222 1222 1—x 1+23}
p3+ P4 p5— o
1—4x 1—4 2

1—2x— 222

+2¢2 |(1—x)ey — (1422) 524-( o3

—(1+2x)32+ <
1—dz 03

m2
mb
1222 1—:(: 1+2$ mBs
TR ><
VeoVaal* 11 (0)](1 —fU)Q{ (2Necica+ci +c3)

2 2
1 1
X<m _1> _< +ma§+0g> <m]23_ )”
m? - 2 my,

where \7,/157(0)\2 = L f2mp is the B meson wave function at the origin squared. Since

Fint (Bu) GFmb

+ 6(0% + C%) €1

(m%/mi — 1) ~ O(1/my), it is evident that contributions from dimension-7 operators are
suppressed by A/my, relative to the dimension-6 ones. As stressed in [12], the coefficients of
B; in I'*"(By) are one to two orders of magnitude smaller than that of £;. Therefore, con-
tributions of B; can be safely neglected at least in I'*"*(By). There exist several estimates
of the bag parameters B; and ¢; based on sum rules [49-52] and lattice QCD [53, 54]. On
the basis of HQET sum rules,* these parameters have been updated recently to be [22]

By = 10287005 By = 098870057 &1 = —0.107709% ey = —0.033700%, (3.12)

evaluated at the y = my(my) scale. For the parameters p! and o we shall use the vacuum-
insertion estimates, namely p! = 1 and o} =

To compute the nonleptonic decay rate we apply the Wilson coefficient functions

ca(p) =114,  co(pu) = —0.31, (3.13)

*The HQET sum rule calculation in the literature relies on the work of [55] where the necessary three-
loop HQET diagrams have been computed and on the work of [56] where these results have been first used
for an estimate of the bag parameter.
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I‘dec [ann Fint I‘semi Ftot 7'(10_128) Texpt(lo_IQS)
Bt 3.102 0 —0.267  1.000 3.834 1.717 1.638 £ 0.004
Bg 3.102 0.039 0 1.000 4.141 1.590 1.520 £ 0.004
Bg 3.102 0.053 0 1.000 4.155 1.584 1.510 £ 0.005

Table 1. Various contributions to the decay rates (in units of 10713 GeV) of B mesons. Experi-
mental values are taken from [13].

which are evaluated at p = 4.4 GeV to the leading logarithmic approximation (see table
XIIT of [57]). The total rate reads

T = Fdec + Tann + Fmt + Fsemi’ (3‘14)

where the decay rate of the heavy quark b of the B meson is given by

G2m} A dp) dpA

re(B) = 55 {cgg [1 - ﬁ + 2’;5] +2c5 Z;} (3.15)
with dp = 3. Now we make a comparison with [8] on the b quark lifetime. From egs. (2.12)
and (2.17) we obtain c3p = 03N711; + cgfg = 5.61 to LO-QCD level for m; = 4.546 GeV and
me = 0.987 GeV, while Lenz got c3p = 5.29 £ 0.35 to LO-QCD for my(my,) = 4.248 GeV,
me(my) = 0.997 GeV and 6.88 + 0.74 with NLO-QCD corrections. We have the lifetime of
a free b quark 7, = 1.51 ps, while Lenz obtained 7, = (1.65 £ 0.24) ps [8], where

_ GEmy
19273

Fb H/cb|2c3,b‘ (316)
The calculated lifetimes of B mesons shown in table 1 are longer than the free b quark
lifetime for two reasons: (i) 1/m? effects characterized by A; and Ay will suppress the
nonleptonic rate slightly, and (ii) inclusive semileptonic rate is slightly suppressed by QCD
corrections, the a and b terms in eq. (3.2).

Eq. (3.11) implies a constructive W-exchange to By and By and a destructive Pauli in-
terference to B,. From eq. (2.26) we obtain model-independent expressions for the lifetime

ratios
B+
T((BO) = 1+ (0.037B1 4+ 0.0008 By — 0.57¢1 4+ 0.15€2)dim—6 + (—0.015p3 — 0.0064p5
By
—0.00014pg + 0.1103 — 0.000704 4 0.09905 + 0.02606) dim —7, (3.17)
BO
TEBf); = 1+ (0.0003B; — 0.0005B3 + 0.060e; — 0.079¢2)4im—¢ + (0.0002p3 — 0.0001 p5
T By

—0.0001pg 4 0.03903 + 0.00204 — 0.01505 — 0.01906 ) dim—7,

where we have decomposed the lifetime ratios in terms of dimension-6 and dimension-7 con-
tributions and dropped the superscripts of pg and J? by assuming their flavor independence
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for simplicity. Using eq. (3.12) for dimension-6 bag parameters and the vacuum-insertion
approximation for dimension-7 p! and o .5 we obtain

BT Bt
T(( Bo)) = LOT4*5 016 T(( BO)) = 1.076 £ 0.004,
T\Dg) ltheo T\Bg) lexpt
BO BO
7 f)) = 0.9964 £ 0.0024, T( f)) =0.994 + 0.004, (3.18)
T(Bg) ltheo T(Bg) lexpt

T7(BT)

to be compared with B | = 1.082f8:8§§ and 7(Bs) ) = 0.9994 4 0.0025 found
theo theo

in [22]. The theoretical uncertainties in (3.18) arise mainly from the bag parameters given

in eq. (3.12). Our results are in excellent agreement with experiment. If we apply naive
vacuum-insertion approximation also to dimension-6 bag parameters, we will have

7(B™)
7(By)

0
— 1016, B

= 1.000. (3.19)
VIA T(Bd)

VIA

This implies that the main contribution to the B, — By lifetime ratio arises from the color-
octet terms —0.57¢; + 0.15e2 + - - - in eq. (3.17). The predicted €1 and ez from HQET sum
rules given in eq. (3.12) yield an excellent description of lifetime ratios. Note that €; ~ 3e2
here rather than e; ~ 0.3¢2 as originally argued in [12].

Several remarks are in order. (i) Weak annihilation contributions to By and Bj are
suppressed relative to the Pauli interference due to a large cancelation between the bag
parameters B; and Bs and the partial cancelation between €; and eg, see eq. (3.11) and
table 1. (ii) The annihilation contribution to By is larger than that of B; owing to SU(3)
breaking in the decay constants and masses. This explains why the lifetime By is slightly
shorter than By. (iii) To order 1/m3, we obtain 7(BT)/7(BY) = 1.0945, which can be
checked from eq. (3.17). Hence, it is necessary to introduce dimension-7 operators in order
to improve the agreement with experiment.

3.2 Lifetimes of charmed mesons

The semileptonic inclusive decay D — Xsetv,, the analog of B — X.etv,, has not been
measured. Instead, what we have are [13]

B(D" = Xetv,) = (16.07 +0.30)%, B(D° = XeTv,) = (6.49 4+ 0.11)%,
B(DY — XeTv,) = (6.5+0.4)%. (3.20)

We begin with the inclusive semileptonic decay rate of the D meson given by eq. (2.16)

Gpm;
19273

A +dpA dp)\
(D — Xetr) = (|v;s|2n<x,o,o> {céiu,o) [1+1+D2] + 2% (2,0) 25 }

2
2ms? :

A +dpAa dpA2
HVai00,0,0 {550.0) |1+ 250022 42580023 }) (3.21)

C (&

5We have followed [22] to assign fixed uncertainties to both p; and o;, namely p; = 1 £ 1/2 and o; =
0+1/6.
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where z = (ms/m.)?, dp = 3 and the Wilson coefficients C?S)’I; and cg’% are given by eq. (2.18).
In the above equation we have included the radiative correction n(z,0,0) given by the
(1 + aas/7) term in eq. (3.2). We find that the experimental values for Dt and D°
semileptonic widths can be fitted by the charm quark mass m. = 1.56 GeV.% For the
Wilson coeflicients, we shall use the lowest order values

c(p) = 1.346,  co(p) = —0.636 (3.22)

evaluated at the scale p = 1.25 GeV with A% = 325MeV (see tables VI and VII of [57]).

Just as the B meson case, the spectator effects in the D meson sector read

_GEm?
127

Fann(DO) —

1 €T
Vcsvud\Qf%mD(l—x)2{ <NC%+2C”2+N‘EC%> {(H2)Bl
(&

l+z+a2? , 627 1(

u_i
1—o P3 1_$P4

T 1
5 (145 - 502000 )

—(1+2x)32+< 5

2 1 2
X (ml; _1)] +2C%[<1+§> e1—(14+2z)ep + (Wag
(&

62 1 T 1 m2D
+1_xaff—2(1+2)0§,‘—2(1+2x)03> (mg - )] J
1+.'13 d 1 d
B —(—Z -
1 <1_x03+2/75)
l+z , 1 4\ (m%
g1 — (H03+2U5> <7n%—1 ,(323)

1 m
31—32—5(Pi+p§)i

GEm; 2 2, 2
SWC\VCSVude,%mD(l—x) (2Ncclcg+cl +02)

2
()
mC
G%m2

1
1o VCS‘zf%SmDs{(]VCC% +2c102+ Ncc%)) |Vaal?

1 m,
+Q?a%+@0ﬁﬁ—)
1 m,
+<0—s_(0—8+0—8)> s
3 2 5 6 mg
S

1+ (1= 2)2(1422)| By = [14 (1-2)(1 4+ 22)] (p§+p§)%

Fint (D+) —

+ 6(0% + c%)

Fann(D—i-) —

s

1 m
e1—ex—g(of+03) =
C

+QC%’Vud’2

+[1+(1—z)2(1+;)]31

m2
—I—([1+(1—z)(1—|—z+22)]p§+6z2(1—z)pi) ( mD; —1> },

c

where z = mi /m?2. We have followed [26] to derive the expression for the inclusive rate of
Df. Note that the contributions involving the z terms arise from the leptonic intermediate

states.

5The semileptonic widths of D™ and D° are very similar, while the DI one is smaller by 15%.
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It is well known that DT has a longer lifetime than DY because of destructive Pauli
interference [5, 59, 60]. To a good approximation to 1/ mi’ expansion, we have

G%mg 2 2 G%mg
T2 [BleL+e2) + 2a0] + =

(;2 Tn5 )
15275 [3(c? + c3) + 2c1c] + T, (3.24)

(DY) =~ (2 4 2 4 6¢1c2) fHmp + 5o

(D% ~

where ™ ~ GZm?/(967%). For the decay constant fp of order 205MeV (see [58] for
a review), it is easily seen that the Pauli interference I'™ (D7) to order 1/m? overcomes
the ¢ quark decay rate so that I'(D™") becomes negative no matter which charmed quark
mass is employed, the MS mass me(me) = 1.279 GeV or the fit mass m, = 1.56 GeV. This
remains to be true even if other sets of the bag parameters are used so long as they are
not far from the vacuum insertion expectation.

In the literature, the lifetime ratio is often computed using the relation”

Rp = =1+ [[(D%) —T(D)7(DMexpt; (3.25)

where the experimental value of 7(D%) is utilized on the r.h.s. of the above equation.
However, it is important to keep in mind that the calculated D™ lifetime is negative to
order 1/m?. Hence, it does not make sense to apply the HQE to O(1/m2) to predict a
“positive” lifetime ratio 7(D)/7(D) in spite of a negative DT lifetime predicted by the
HQE at this level. Therefore, we should also consider the ratio

(DY)

R, = D) = 1+ [0(DT) = T(D")]7(D)expt (3.26)

~—

to ensure that R}, = 1/Rp. Their experimental values are given by [13]

D+ DO
LAC2A] B 0.019, T((D+)
=

expt

~—

= 0.394 £ 0.003.. (3.27)
expt

It follows from egs. (3.23), (3.25) and (3.26) that

Rp = 1+ (2.88B; + 0.11B5 — 17.25¢1 + 3.71e2)dim—6
+(—1.34p3 — 0.62p5 + 0.024pg + 4.2503 + 3.7005 + 0.8006)aim—7,  (3.28)
') =1+ (=1.13B; — 0.043B; + 6.80¢; — 1.46€2) dim—¢
+(0.53p3 + 0.24p5 — 0.0093pg — 1.6803 + 1.4605 — 0.3106) dim—7-

We can use the experimental values of Rp and R/, to constrain the bag parameters. To
order 1/m2, we find Rp = 3.98 and Ry = —0.18 for B; = 1 and ¢; = 0. This implies a

c?

negative DT lifetime. Indeed, the calculated 7(D™) is —8.4 x 10~ 13s. The subleading 1/m,.

"It is not meaningful to apply eq. (2.26) to compute the lifetime ratio Rp because (i) the T'(DT) rate is
not dominated by the c3 term, and (ii) when eq. (2.26) is applied to the ratio R}, it will lead to R, = 2—Rp
which is negative.
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corrections to the Pauli interference term, namely, Fi7nt obtained from dimension-7 four-

quark operators at 1/mg level, contributes constructively to the DT width (see eq. (3.23)).

Hence, it is conceivable that the 1/m, corrections to the Pauli interference will be able to

render I'(DT) positive in certain rages of the bag parameters. With m. = 1.56 GeV, we

find Rp = 2.06 and R, = 0.58 in the presence of 1/m corrections with p; = 1 and o; = 0.
For the D} meson, we follow [26] to define a substracted D lifetime by

7:(D+) _ T(Dj)

= = (0.533 £ 0.004) x 1072 3.29
s 1— B(Dj = 7rY,) ( ) s ( )

as the decay D} — 77v, cannot be properly described by HQE due to its small energy
release. In analogue to the DT meson, we consider the lifetime ratios

7(DF _
Ro, = ) = 14 0(D) = P70 o
R, = (DY) _ 1+ [0(DF) = (DY)]7(D°) (3.30)
Ds — 7—_(D;k) S expts .

with the experimental values [13]
Rp, = 1.30 £0.01, b, = 0.77£0.01. (3.31)
We obtain

Rp, = 1+ (4.81B; —4.82By — 1.21€1 +1.2265)dgim— + (—0.17p1 — 0.17p3 + 2.86 3
—0.94p5 — 0.94p5 — 0.01701 —0.01705 — 0.4105 +0.2105 +0.2106) dim-—7,
b, = 1+ (=3.70B; +3.71By+0.93¢; — 0.94€2) dim 6 + (0.13p1 +0.13ps — 2.20p3
+0.72p5 +0.72p6 +0.01301 +0.01305 +0.3205 — 0.1605 — 0.160¢6)dim—7.  (3.32)

In principle, if the vacuum-insertion expectation for p’s and o¢’s is assumed, the four
unknown parameters Bi 2 and €2 can be obtained by solving the four equations for Rp,
R}, Rp, and R}, given in egs. (3.28) and (3.32). In practice, the solutions are very
sensitive to the experimental values within errors. We pick up the solutions not far from
the vacuum-insertion expectation.® For example, one of the solutions is

By =0.840, B3 =0.919, ¢ = —0.060, €= —0.025, (3.33)

at the scale y = m.. They reproduce the experimental values of Rp, R}, Rp, and R’DS.
Note that in order to accommodate the experimental values of Rp, and R’DS, it is necessary
to have By > Bj. To see this, we take vacuum-insertion values for p’s and ¢’s and find
from eq. (3.32) that

Rp, = 1.65 + (4.81B; — 4.82B5 — 1.21€1 + 1.2262)qim_s
R,Ds = 0.50 + (—3.7031 + 3.71By + 0.93¢; — 0-9462)dim—6- (3.34)

#Some solutions, for example, B; = 0.138, By = 0.144,¢; = —0.296 and ez = —0.552 can also reproduce
the data, but they are ruled out as B2 are too small, whereas €;,2 are too large.
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It is clear that if By ~ By and e ~ €1, the value of Rp; (R’DS) will be too large (small)
compared to the data. Hence, one needs By > B; and |e1]| > |e2| in order to suppress Rp,
and enhance Rbs simultaneously.

Our results are to be compared with the recent estimates based on HQET sum rules
by Kirk, Lenz and Rauh (KLR) [22]

By = 0.90270017 By = 0.739T002 ) = —0.1327501L, €2 = —0.00570032  (3.35)

evaluated at the scale u = 3 GeV. While KLR have updated the prediction of 7(DT)/7(DY),
they did not perform the similar update for the lifetime ratio of D} and DY mesons. As
discussed above, the explanation of the Rp, data requires that B; < Bs.

Finally, we notice that the size of the subleading 1/m, corrections is [(T'(D?) —
(D)) dim—7/[(T(D°)~T(D*)]gim—6 ~ —56%, which is compatible with a convergent series.

4 Lifetimes of heavy baryons

4.1 Lifetimes of bottom baryons

The spectator effects in inclusive heavy bottom baryon decays arising from dimension-6
and dimension-7 operators are given by egs. (2.20) and (2.25), respectively. We shall rely
on the quark model to evaluate the baryon matrix elements of four-quark operators. In [18]
we have studied the matrix elements in the MIT bag model [61-64] and the nonrelativistic
quark model (NQM). In analogue to eq. (3.8), we parameterize the four baryon matrix

elements in a model-independent manner:?
(Bo| (ba) (ab)|By) = f5,m 5, s, L1,
(Bolb(1 — 5)qq(1 +5)blBy) = f3,mp My, L5", (4.1)
(5| (b) (q9) 1) = qumquBb Ls",
(By|b™ (1 = 15)a° @ (1 +75)0°|By) = f3,m5,mis, L5,

where B, stands for the antitriplet bottom baryon T, (Ap or Z3) or the sextet bottom
baryon €, fp, and my, are the decay constant and the mass of the heavy meson B,
respectively. The four hadronic parameters Lq,--- , L4 are not all independent.

First, since the color wavefunction for a baryon is totally antisymmetric, the matrix
element of (bb)(gq) is the same as that of (bq)(gb) except for a sign difference. Thus we
follow [12] to define a parameter B

L?b = —BL?b, Lfb = —BL§b7 for Bb - Tb7 va (42)

“This is similar to the hadronic parameters defined in eq. (28) of [65].
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so that B = 1 in the valence-quark approximation. Second, in the quark model evaluation
we obtain (see appendix B for derivation) [18]

T, 2
~ o), NQu
—(ag +bq), MIT

(Ty|(bq) (@b)|Tv) / (2m,) =

2
_ —6 |3 (0 NQM
B30} omay) = | IO N (4.3
—5(18as + 2bs + 32¢5), MIT
and
_ = NQM
(150 — a1 42T o) = 4 2P0 O]+
s(ag+bg), MIT
_ NQM
(Qp[b(1 = 75)s5(1 + 75)b[ %) / (2mq,) = ‘1/) ‘ N (4.4)
—(as — 3bs — Lc,), MIT
where ay, by and ¢, are the four-quark overlap integrals used in the MIT bag model:
oy = [ [ ) + 20133 0],
b= [ [k + o]
Cq = /d 7 g (1) vg(r)up(r)vp(r), (4.5)

which are expressed in terms of the large and small components u(r) and v(r), respectively,
of the quark wavefunction (see e.g., ref. [66] for the technical detail of the bag model
evaluation). In deriving eq. (4.4), use of

(Ty by, 756 TP (1 — 5)g®|Th) /(2mr,) = 0,

2
- ) . 4|4 (0)| NQM
(|0, 507 54 (1 — 45) %) / (2mg, ) = ‘ ’ )‘ (4.6)
4(as—"%) MIT
and )
b5 (1 — 75)g® = —b(1 — 5)qq(1 + 75)b — 5 (ba)(@b), (4.7)

has been made. The first relation in eq. (4.6) is a model-independent consequence of heavy
quark spin symmetry [12]. It follows from egs. (4.2), (4.3) and (4.4) that

1 1
Ty T Q Q
L2b - —ile, Lzb — 6L1b7 (48)

where the second relation for the ) is exact in the NQM but only an approximation in
the MIT bag model.
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Since the small component v(r) is negligible in the NQM, baryon matrix elements of
four-quark operators in the NQM and MIT models are the same except for the replacement:

ag — /dgr ug(r)ug(r), by — 0, cq — 0. (4.9)

Hence, in the NQM a, is nothing but the baryon wave function at the origin squared
’¢bq(0)|2. In general, the strength of destructive Pauli interference and W-exchange is
governed by a, + b, in the bag model and [(0)|? in the NQM. However, the bag model
calculation of a4 + b, generally gives a much smaller value than the nonrelativistic estimate
of [1(0)%. As argued in [18], the difference between a, + b, and |¢(0)|? is not simply
attributed to relativistic corrections; it arises essentially from the distinction in the spatial
scale of the wavefunction especially at the origin. As a consequence, both models give a
quite different quantitative description for processes sensitive to |1(0)|?. It turns out that
the NQM works better for heavy baryon decays. Hence, we will follow [18] to consider the
NQM estimate of baryon matrix elements.

To estimate the bottom baryon wave function in the center, consider |@ZJé\q” (0)|? as an
example. A calculation of hyperfine splittings between ¥ and Ay as well as between B*
and B based on the mass formula given in [67] yields [68]

A 2m ms, — MA
[V (0)[* = ! . > 4 (0) %, (4.10)

my — Mg Mmp+ —Mp

where the equality |@ZJEq” 0)]?> = |1,[Jé;b(0)‘2 has been assumed. As a consequence, the wave
function of a bottom baryon at the origin can be related to that of a B meson. Another
approach proposed by Rosner [69] is to consider the hyperfine splittings of 3, and B
separately so that

4 my; —my,

Abo 2: Zbo 2_7
U OF = i O)f = 5~ 22

[¥5q(0) . (4.11)

This method is presumably more reliable as [1,,(0)|? thus determined does not depend on

my, and the constituent quark mass m, directly. Defining the wave function ratio

A 2
¥ (0
ra, = bg( ) , (4.12)
1/}()(?(0)
and noting that |¢{)3(7(0)|2 = & fimp, we see from eqs. (4.3), (4.4) and (4.6) that the
parameters Lq,--- , Ly for bottom baryons now read
- 1 n 1 r 1= - 1 -
le = _6rTb’ L2b = ﬁrTbv L3b = BBTTb’ L4b = _EBTTb’
) Q 1 O _ 7 o, _ 1z
Ly = T, Ly = —g" Ly* = Bry, L,* = éBTﬂb' (4.13)

Hence, the baryon matrix elements are expressed in terms of two independent parameters

r. and B.

Be
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For dimension-7 four-quark operators, the baryon matrix elements are given by

2 2
1 M, — Myg;
<Tb‘P1q‘Tb> = <Tb‘Pg‘Tb> = Ef%ququbrTb ( : 2 = 1) 77%2;

my
2 2
1 mg, — Mg
(Ty| Pi|Ty,) = —2(Ty| P{|T},) = —ﬁféququbrTb ("mzq — 1) N34 (4.14)
b

1 md, — m% }
(| P7|Q) = (| P3[2) = gf%smBsterb (b 3 - 1) 2,
b

2 2
(| PE) = 6(|PEI) = — 2 f2 e my | e sk ) s
bI431380) = b4b*4853S Q' ml2> 113,45
where mygjq is the mass of the scalar diquark of T}, and the parameters 1! are expected to be
of order unity. We shall follow [70] to use mj,q = 710 MeV for A,, m|,,) = 948 MeV for 29,
migs) = 948 MeV for E;° and myyy; = 1203 MeV for €, with [q¢'] antisymmetric in flavor
and {ss} symmetric in flavor denoting scalar and axial-vector diquarks, respectively. For
the matrix elements of the operators JSiq, we follow eq. (4.2) to introduce a parameter Bf

(By| P{|By) = —BL(By| P{|By), (4.15)

so that Bg = 1 under the valence quark approximation.

Two remarks are in order. First, unlike the meson matrix elements (By|P/,|B,) in
eq. (3.9) which are explicitly of order mg,/my, because of the definition of the operators
P} ,, the baryon matrix elements (By|Py,|By) in eq. (4.14) are not explicitly proportional
to mg/mp. Nevertheless, it is easily seen that (m%b - mfliq) /m? —1, for example, is indeed
of order mg,/myp. Second, unlike the meson case we do not know how to evaluate the
baryon matrix elements of Pgﬁ. Since the operators Pgﬁ arise from by expressing the QCD
four-quark operators in terms of HQET operators

—

_ _ 1 [- _
bI'qql'b = h,T'qql'h, + o~ hy(=i D)TqqTlhy + hyTqql (D) hy | (4.16)
my,

we shall follow [23, 24] to assume that dimension-7 operators contain full QCD b quark
fields. Therefore, to evaluate the baryon matrix elements of dimension-7 operators given
in eq. (2.25), we will drop the operators Py g and ]55?,6-
To estimate the hadronic parameter T, in the NQM, we find from eq. (4.11) that
)

rz, = —_— TQy

4 myx — My 4 m=x — Mg/ 4 mo* —mgq
TAb — b b’ — b R = — - B b7 (417)
3 mp+x —MpB 3mB*—mB 3 mp+ —MpB
and likewise for rp_, 7=, and rq.. Notice that the heavy-quark spin-violating mass rela-

tion [28]

(mZ*Q — mEQ) + (MQ*Q — mQQ) = Q(mga — mE/Q) (4.18)
holds very accurately for @ = b, c. Numerically, we obtain'®
ra, = 0.610, rz, = 0.656, ro, = 0.664,
rp, = 0.607, r=, = 0.601, ro, = 0.601, (4.19)

For a summary of the earlier estimates of 75, » see [8].
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and

[ (0)2 = 0.92 x 1072GeV3,  [1h52(0)]* = 0.91 x 107*GeV?,
622 (0)2 = 1.42 x 1072GeV?, (4.20)

for fp, = 186 MeV and fp, = 230 MeV [58]. Therefore, the NQM estimate of |wfqb(0)]2 is
indeed larger than the analogous bag model quantity: a, + by ~ 3 X 1073GeV?3.

Except for the weak annihilation term, the expression of Pauli interference will be very
lengthy if the hadronic parameters 7 and Bf are all treated to be different from each other.
Since in realistic calculations we will set Bf (uup,) = 1 under valence quark approximation
and put 7 to unity, we shall assume for simplicity that 77 = 7 and 5! = . The spectator
effects in nonleptonic decays of bottom baryons are now readily obtained from eqs. (2.20)
and (2.25):

2 2
Grm,

R(Af) = ZEER |V P, |0 (0)] { (B(c+)—2c102) (1 -)?
175 9 m?\b_m[%ud]
5(6(01+02) 2clcg>77(1—x W————-1] ¢,

e GZm?
() = —L=2 V| re, [1435(0) { (cf+c3) 20102)(1—96)2
1

2w
9 1 2 mQEb l[2us] 1
+§ B(c}+c3) - 01€2>77( —) | ——— — ;

int A0 Gymj 2 B/ |2 5 2 2 2
M"Y(Ap) = — Voo Viud| T, qu(o)‘ (Bcl—QClcz—NCCQ) (1—z)*(142)
Vea |2 Lz 2 m?\b_m[Qud]
+ V1—4x —7<Bcl—2clcg—]\7002)17(1 r)(14+z+22%) (| ——5———1] o,
Vud 2 my,
. G m2 ~
rint(z9) = F Vi Ves|*V1 — 4 1z qu )| {(Bc%—chcg—Ncc%> (4.21)
2 2
1/~ 2(1—2z+1022)\ [ Mz, — My,
+6(50f—26102—Nc63>n<1+2x+ - ) ( bmg s —1> },
Fint:—__G%mI%VQ B2 (Be2—2 NIV 21— 2)2(1
MEy) = Veo|* 1<, |13q(0)] 1 —2c1ca— Nee ) ( [Vual" (1 —2)" (1 +2)

—|—|Vcs|2\/1 —41‘) + (BNC% —2c109 —Ncc%)n

1 2(1— 22+ 1022 mZ, —m?,
+6’Vcs|2v1—4$<1+21‘+ ( v )>] ( S [d}_1> }a

1—4x my

1
- §|Vud|2(1 —z)(1+z422?)
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Fdec Tann I‘\int I‘\semi Ftot 7.(10—125) Texpt(10_125)
A 3108 0228  —0.053 1.055  4.338 1.517 1.470 £ 0.010
=) 3108 0.232  —0.084 1055  4.310 1.527 1.479 £ 0.031
=, 3.108 —0.130  1.055  4.032 1.633 1.571 4 0.040
Q,  3.105 —0.341  1.039  3.803 1.730 1.64701%

Table 2. Various contributions to the decay rates (in units of 10712 GeV) of bottom baryons with
the hadronic scale pp.q = 0.825 GeV.

int /(y— GEmj 2 Bsynl|?) (5.2 2
PU(Q) = L |V Vi 2V T2 1, gz;b;(o)‘ (Bcl—2clcg—N002) (5—8z)
2 2
3 > 9 2 2(1—2:1}'—81:2) me_m{ss}
—1—2 (601—20102—]\7002)77 <1—|—2x+ - mg -1 ,

where use has been made of egs. (4.13) and (4.14). Note that there is no weak annihilation
contribution to the =" and {2, and that there are two Cabibbo-allowed Pauli interference
terms in = decay, and one Cabibbo-allowed as well as one Cabibbo-suppressed interfer-
ences in Ay decay.

To compute the decay widths of bottom baryons, we have to specify the values of B and
r. Since B = 1 in the valence-quark approximation and since the wavefunction squared
ratio r is evaluated using the quark model, it is reasonable to assume that the NQM
and the valence-quark approximation are most reliable when the baryon matrix elements
are evaluated at a typical hadronic scale ppaq. As shown in [12], the parameters B and r
renormalized at two different scales are related via the renormalization group equation to be

~ B(finaa)

B(pw)r(p) = B(phad)r(Bhaa),  Bp) = (- DB (4.22)
with .
k= as(:u'had) © 0 _ as(ﬂhad)
( A (M) > as(:“’) (4'23)

and By = %Nc — %nf. We consider the hadronic scale in the range of pup,q ~ 0.65 —1GeV.
Taking the medium scale pp,q = 0.825GeV as an illustration, we obtain ag(pnaq) = 0.59,
B(it) = 0.54B(pihaq) ~ 0.54 and r(p) ~ 1.867(jipad). The parameter j is treated in a
similar way. Using the values of r(unaq) given in eq. (4.19), the calculated inclusive decay
rates of bottom baryons are summarized in table 2. We find that the lifetimes of bottom
baryons stay almost constant with variation of pipaq.

We see from table 2 that the bottom baryon lifetimes follow the pattern

() > 71(5,)) > 7(29) ~ 7(AY). (4.24)

Theoretically, this pattern originates from the fact that while Ay, Eg, E,,  all receive
contributions from the destructive Pauli interference, only A; and Eg have weak annihilation

— 26 —



effects and that the destructive Pauli interference I'™ in € is the largest due to the presence
of two valence s quarks in its quark content. The =, has the second largest 't due to
the Pauli interference of identical s quarks and the interference of identical d quarks.
Several remarks are in order. (i) There is a tiny difference between the semileptonic
decays of the antitriplet Ay or = and the sextet €. It comes from the fact that the chromo-
magnetic operator contributes to the matrix element of €2; but not to A, or =3 as the light
degrees of freedom in the latter are spinless. (ii) It is evident from tables 1 and 2 that W-
annihilation contribution in B decays is much smaller than that in bottom baryon decays.
The W-exchange in B decays is helicity suppressed, while it is neither helicity nor color
suppressed in the heavy baryon case. (iii) As pointed out in [65], b-flavor-conserving decays
such as =, — Agw_, Age_ﬂe and Eg — Agwo could affect the total rates of the Z;. These
heavy-flavor-conserving weak decays were studied more than two decades ago within the
framework that incorporates both heavy-quark and chiral symmetries [71, 72]. The branch-
ing fraction of =, — Ay is found to be of order (0.1 ~ 1)%, consistent with the recent LHCb
measurement which lies in the range from (0.57+0.21)% to (0.19+0.07)% [73]. Hence, con-
tributions from b-flavor-conserving decays can be safely neglected for our present purpose.
From eq. (2.26) we obtain the following lifetime ratios!!

7(Z,) _ +0.009 T(5,) _
=T 1.07375 001 D |, 1.089 + 0.028,
(=) _ 10.009 T(5,) _
=E1 1.06670:999 &) | 1.083 + 0.036, (4.25)
QO O
) 1.05410.006. @) 414016,
T(:b) theo T(“:b) expt
and
T(Ag) 0.006 T(AD)
= 0.953"0009, b = 0.964 + 0.007 . (4.26)
T(Bg) theo 0-008 T(B(El)) expt

They are in good agreement with experiment [13]. The theoretical uncertainties for bottom
baryon lifetime ratios can arise from many different places such as the nonperturbative
parameters ;2 and ,u%, where QCD sum rule and lattice calculations are still not available,
and the matrix elements of dimension-6 and -7 operators. In the quark model, the unknown
matrix elements are expressed in terms of two parameters rp,, the wave function ratio, and
B, which is equal to unity under the valence quark approximation. The estimate of the
former is quite uncertain in the literature (see [8] for a review). Therefore, it is far more
difficult to estimate the uncertainties than the B meson case. Nevertheless, there is one
uncertainty which we can estimate reliably, namely, the hadronic scale upaq introduced
before. The baryon matrix elements need to be evaluated at a typical hadronic scale ppaq
in order to comply with the valence quark approximation. We consider the hadronic scale
in the range of 0.65—1 GeV and use ppaq = 0.8254+0.175 GeV to estimate the uncertainties.
The theoretical errors in eq. (4.25) we have computed arise solely from the uncertainty of

"The experimental lifetime ratio 7(Z))/7(Z,) = 0.929 £ 0.028 (or 7(Z,)/7(Z)) = 1.076 £ 0.032) is
quoted in the Heavy Flavor Averaging Group [74, 75].
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the hadronic scale. The uncertainty in the prediction of 7(AJ)/7(BY) comes from the bag
parameters in (3.12) and the hadronic scale pp,q. We see that the current world average
of 7(A9)/7(BY) can be nicely explained within the framework of the HQE.

4.2 Lifetimes of charmed baryons

We first summarize the spectator effects relevant to charmed baryon decays derived from
egs. (2.20) and (2.25):

nn G2 m2 2 ~
o (08) = S e, [05(0) 3 (B +) —2e1e2) (1—a)?
2 2
1 2 mAc _mud
5 B C1+C2) 26102)77(1—.%'2) (77/%[]—1) }7
GQ 2
Fann(Ez_) = g‘mc ’Vcsvus|27“3C cq { Cl +02 26162)(1—1‘)2
T
2 2
1 2 mz, =My,
5 B C1+C2) 26102)77(1—.%'2) (Tng[]—l> },
GQ
Fann(Eg) = Fm H/CSVud’ Tz, cq { Cl —1—02 20162)(1—1‘)2
m2 —m?
2 =re [ds]
+2 (B(C1+C2) 26102)77(1—.%' ) (W’%—:l) }7
G2m? 2 -
rn(Q) = 37 |V Vi P, |02 (0) {(B<c%+c%>—2c1c2)<1—x>2
2 2
1/~ 2 2 2 ch_m{ss}
+§(6(Cl+62)—26102)?7(1—.7} ) (mg_l ,
in G2 m 2 ~
It AY) = F €\ VesVaud|* 7 3(0)\ {(Bc§—2c1cQ—Ncc§) ((1—x)2(1+x)

2

Ved Lizo 2 2 m?\c_m%ud]
+ V1—4x —7(601—20102—NCCQ)n(l—x)(l—Hc—i-Qa: | ———————1] »,
Vud 2 mg
int (=t G%m D 2 2
rint(=4) = VesViaPVT =4 -, [$2(0)]? (Bcl—2clcg—Nccg> (4.27)
2 2
1/, ) 2(1—2z2+1022)\ [ MzE, — My
+6<Bcl —20162—]\7602)77 <1+2x+ 11 m? —1 ,
iIl G2 m 2 =~
PRAL) = == [VeaVual* 1, [$3(0)] {(2c1c2+Ncc%—Bc%)

2 2
1 5 MA, ~ My
—§<20102+Nccf—ﬁcg)n (mQ[U] —1) },

c
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int /e G 2 Vs
I (ED) = yvcsvudy? re, [0h(0)] {(2C1CQ+NCC1 Bc2)<1+ ( x) (1—|—3:)>
1 2 59 Vus ? m [us
_2<201c2—|—N001—502)n<1+ v (1—x) 1+$> -1 3,
int (=0 G 2 D |2
rint(=0) = Va2, [02(0)] (26162+Nccl BCQ) 1+ ( 2)2(1+2)
1 o Vus 2 _m S
_2<26162—|—NCC%—ﬁ03>7’]<1+ i 1+$ > < [ds] _1> }
int 0 G 2 El
Pl = Va1, [92:(O)| 3 (26104 Neck ~ BR) (54|72 | (1-2(5-+2)

g(chcg—f—N c— ﬁcQ 77( {SS} —1) }

where B, 1 and j are the hadronic parameters defined in eqgs. (4.2), (4.14) and (4.15),
respectively, and the wavefunction ratio rp. defined in analog to eq. (4.12) with values
given in eq. (4.19). As stated before, we follow [70] to use my,q = 710MeV, my,, =
migs) = 948 MeV and myy,) = 1203 MeV for the diquark masses.

Unlike bottom baryon decays, there exist constructive Pauli interference terms Fmt
charmed baryon decays in addition to the destructive Pauli interference I'™*. Cabibbo-
allowed (Cabibbo-suppressed) I'"* arises from the constructive interference between the s
(d) quark produced in the ¢ quark decay and the spectator s (d) quark in the charmed
baryon (see figure 1.(c)).

For the semileptonic inclusive decay of the charmed baryons meson, the semileptonic
decay rate has the same expression as eq. (3.21) except that the parameter dp is replaced
by dp., which is equal to 0 for the antitriplet charmed baryons A., =, and 4 for the Q..
For charmed baryons =, and §2., there is an additional contribution to the semileptonic
width coming from the Pauli interference of the s quark [34] (figure 2). The dimension-6
contribution ngnt([)’c) is given before by eq. (2.21). As for the dimension-7 four-quark
operator for semileptonic decays, it can be written as

G%m? ~ -
TEHB) = TERE VL2 Y (a0 P + RS (4.28)
l=e,n

with the coefficients given by [26]

Gt = —(1—2)%(1 + 22), Gt = —(1—2)*(1 +22),
Gyt =2(1—2)(1+ 2+ 2%), gt = —122%(1 - 2), (4.29)

and iL'-/” = 0, where z = (m,/m.)?. The coefficients §/¢ are given by setting z = 0. Noting
F;I;m(B ) = (Be|TPY|B.)/(2mp,) and using eqs. (4.13) and (4.14) to evaluate the baryon
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matrix elements, we obtain

_GEm e g (1o @ Ry (T )] s
== 47T CcS Ze CcS 2 mg b .

T5H(0) = TERE Ve P, 2 (0) [5—9(1—622+323> (“ o))

We shall see later that, depending on the parameter r, the spectator effect in semileptonic
decay of Z. and (). can be very significant, in particular for the latter.

We now turn to the heavy baryon wavefunction at the origin. We learn from eq. (4.20)
that ]wfqb (0)|2 is of order 1 x 1072GeV?. Likewise, |1)(0)|? for hyperons is also of the same
order of magnitude as the bottom baryons (see [76] for details). However, for the charmed
baryon we obtain [1)%¢(0)]? = ra [ 2(0)]* = 3.8x1072GeV? under the assumption that the
D meson wavefunction in the center squared W%(O) | is identified with & f7mp. However,
this is smaller than those in bottom or hyperon decays. This means that W%(O)P is not
simply equal to %f%mp with y = 1. We shall use y = 1.75.

For the numerical results, we first consider the semileptonic decays. The measured
inclusive semileptonic rate of the AT

T(A} = Xetve)expr = (1.307 +0.112) x 107 3GeV, (4.31)

obtained from B(A} — XeTv.) = (3.97 £0.34)%, an average of the Mark IT measurement
of (4.5+1.7)% [77] and the recent BESIII result of (3.95 %+ 0.35)% [78], is larger than that
of D mesons:

T(D" — Xetve)expt = (1.017 £0.019) x 10" ?GeV,
T(D° — Xetwe)expt = (1.042 4 0.018) x 107 3GeV. (4.32)

Theoretically, the difference between A, and D comes from the A2 terms in eq. (3.21) which
are absent in the former. Our prediction

D(AT — XeTr,) = 1.415 x 107 13GeV, (4.33)

is consistent with experiment (4.31). Writing 'S = I'SF' 4+ T we see from table 3 that the
spectator effects to O(1/m?) in the semileptonic decays of Z. and Q. are quite significant,
in particular for the latter.

To proceed the hadronic decay rates, we employ the Wilson coefficients given in
eq. (3.22). As before, we consider the hadronic scale in the range of ipag ~ 0.65 — 1 GeV
and obtain B(p) = 0.70B(pnaq) =~ 0.70 and r(p) ~ 1.427(upaq) at the medium scale
thad = 0.825 GeV. Repeating the same exercise as the bottom baryon case, the results of
calculations to order 1/m? are exhibited in table 3. Unlike the bottom baryon case where
the lifetimes stay almost constant with variation of p,q, the lifetimes of charmed baryons
increase by around 10% when the hadronic scale varies from 0.65 to 1.0 GeV. Nevertheless,

the lifetime ratios remain nearly constant.
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Fdec [ann Fiilt Fi_{_lt Fsemi Ttot 7‘(10_138) Texpt(lo_lgs)
Af 0886 1479 —0.400 0.042 0.215 2221  2.96 2.00 £ 0.06
=EF 088 0.085 —0.431 0.882 0.726 2.148  3.06 4.42 £ 0.26
=0 0.886 1.591 0.882 0.726 4.084  1.61 1127518
Q2 1019 0515 2.974 1.901 6.409  1.03 0.69 & 0.12

Table 3. Various contributions to the decay rates (in units of 10712 GeV) of singly charmed baryons
to order 1 /mf with the hadronic scale pp,q = 0.825 GeV. Experimental values of charmed baryon
lifetimes are taken from [13].

Fdec Tann Fiilt Fift Fsemi Ttot 7_(10—138) Texpt(lo_ISS)
A} 088 2179 —0.211 0.022 0215 3.091 2.12 2.00 £ 0.06
=5 0.886 0.133 —0.186  0.407  0.437 1.677  3.92 4.42 £ 0.26
=0 0.886 2.501 0.405  0.435 4.228 1.56 1.121918
Q) 1.019 0.876 —0.559 —0.256 1.079  6.10 0.69 £ 0.12

Table 4. Various contributions to the decay rates (in units of 10712 GeV) of singly charmed baryons
after including subleading 1/m.. corrections to spectator effects. The hadronic scale is chosen to be
Hhad = 0.825 GeV.

We see from table 3 the lifetime pattern
T(EF) > 7(A}) > 7(E) > 7(92) (4.34)

is in accordance with experiment (for early studies of charmed baryon lifetimes, see [2—
4,7,79-84]). This lifetime hierarchy is understandable qualitatively but not quantitatively.
The ZF baryon is longest-lived among charmed baryons because of the smallness of W-
exchange and partial cancellation between constructive and destructive Pauli interferences,
while €. is shortest-lived due to the presence of two s quarks in the 2. that renders the
contribution of Fi}:t largely enhanced. It is also clear from table III that, although the
qualitative feature of the lifetime pattern is comprehensive, the quantitative estimates
of charmed baryon lifetimes and their ratios are still rather poor. For example, R; =
7(E)/7(AF) and Ry = 7(ZF) /7(E2) are calculated to be 1.03 and 1.90, respectively, while
experimentally Ry = 2.21 + 0.15 and Ry = 3.95 £+ 0.47.

It is evident that, contrary to B meson and bottom baryon cases where the HQE
in 1/my, leads to the lifetime ratios in excellent agreement with experiment, the heavy
quark expansion in 1/m. does not work well for describing the lifetime pattern of charmed
baryons. Since the charm quark is not heavy enough, it is perhaps sensible to consider the
subleading 1/m. corrections to spectator effects as depicted in eq. (4.27). The numerical
results are shown in table 4. By comparing table 4 with table 3, we see that ['(A}) is
enhanced while I'(Z) is suppressed so that the resulting lifetime ratio Ry is enhanced from
1.03 to 1.84. This means that 1/m, corrections to spectator effects described by dimension-
7 operators are in the right direction. However, the calculated €. lifetime becomes entirely
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Figure 3. Lifetime of the QY as a function of a.

unexpected: the shortest-lived Q. turns out to be the longest-lived one to O(1/m?). This
is because the dimension-7 contributions I’B‘:}(Qc) and T'3%(Q,) are destructive and their
size are so large that they overcome the dimension-6 ones and flip the sign. Of course, a
negative I'V(Q).) does not make sense as the subleading corrections are too large to justify
the validity of the HQE.

In order to allow a description of the 1/m? corrections to I'(€).) within the realm
of perturbation theory, we introduce a parameter a so that FH}%(QC) and T2L(Q,) are
multiplied by a factor of (1 — «); that is, « describes the degree of suppression. The origin
of this suppression is unknown, but it could be due to the next-order 1/m,. correction.'? The
lifetime of QU is plotted as a function of « in figure 3. For the two extreme cases that a = 0
(no suppression on dimension-7 effects) and a = 1 (no corrections to I'"*(Q,.) and I'SE(Q,)
from dimension-7 operators), we have 7(Q%) = 6.10 x 107135 and 0.97 x 10~ 35, respectively
(see table 5). Our guidelines for the parameter a are (i) both T'*(€2,) and I'SY(2..) should be
positive (at least, a negative I'"(€2.) does not make sense), and (ii) I'™(Q.) is comparable
to that of A} or Z.. Under these guidelines, we get o > 0.16 to ensure positive T>%(Q,)
and T (Q,) and a ~ 0.22 (0.32) for I'SV(Q.) to be comparable to that of A (Z.).

We see from table 5 that a reasonable range of « lies in 0.16 < a < 0.32 and the
corresponding 2. lifetimes lies in the range

2.3 x 10735 < 7(0%) < 3.3 x 107135, (4.35)

It should be stressed that this is our conjecture as we do not have rigorous statements on
the unknown parameter a. At any rate, the QU lifetime is very different from the current
world average of 7(QY) = (0.69 & 0.12) x 10~!3s [13] from fixed target experiments. We
suggest the new lifetime pattern

r(EF) > T(Qg) >7(AS) > T(Eg), (4.36)

which can be tested in the forthcoming LHCb measurements of charmed baryon lifetimes.
Very recently, LHCb has reported a new measurement of the Q0 lifetime, 7(Q0) = (2.68 &

12 Another possibility is that, as noticed in passing, it is not clear to us what are the baryon matrix elements
of dimension-7 operators Py ;. This may also explain the suppression needed for FT}(QC) and IS4 (Q.).

Note that the above-mentioned suppression effect is not needed for the antitriplet baryons A7, 25 and =2.
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a [dec Tann Fi_~r_1t Tsemi Ttot 7_(10—135)

0 1.019 0876 —0.559 —0.256 1.079  6.10
0.12 1.019 0876 —0.135 0.003 1.762  3.73
0.16 1.019  0.876 0.006 0.089 1990 3.31
0.22 1.019  0.876 0.218 0.219 2.331 2.82
0.32 1.019  0.876 0.571 0.435  2.900 2.27

1 1.019  0.876 2.974 1.901 6.770  0.97

Table 5. Various contributions to the decay rates (in units of 10712 GeV) of the QY after including
subleading 1/m, corrections to spectator effects. However, the dimension-7 contributions ', (Q2)
and T5%(QY) are multiplied by a factor of (1 — ) with a varying from 0 to 1.

0.24+0.10 £0.02) x 1035 [85], using the semileptonic decay Q, — Q™ , X with Q0 —
pK~K~nT. This value is nearly four times larger than the current world-average value.'3

Finally, we would like to remark on the semileptonic widths. We see from table 3
that to order 1/m2, the constructive Pauli interference is sizeable for the Z. and becomes
overwhelming for the .. However, this interference effect will be partially washed out
by the next-order 1/m, correction, in particular for the latter (see table 5). Nevertheless,
the interference effect in semileptonic inclusive decays can be tested by measuring the
ratio of semileptonic branching fractions B%™ (=1) /B (A}), where B*™ (B,) = B(B. —
Xetv,). This ratio naively of order 1.8 will be enhanced to (O(3.2) in the presence of Pauli
interference.

5 Discussions and conclusions

In this work we have analyzed the lifetimes of bottom and charmed hadrons within the
framework of the heavy quark expansion. It is well known that the lifetime differences
stem from spectator effects such as weak annihilation and Pauli interference. We list the
dimension-6 four-quark operators responsible for various spectator effects and derive the
corresponding dimension-7 ones. The hadronic matrix elements of four-quark operators
are parameterized in a model-independent way.

The main results of our analysis are as follows.

e Since in this work we focus on the LO-QCD study for reason of consistency, the in-
clusive rate to LO is sensitive to the quark mass definition. For the b quark mass, we
use the kinetic mass mé‘in = 4.546 GeV obtained from a recent global fit to the inclu-
sive semileptonic B decay to X.eTv, in the kinetic scheme. Using the dimension-6
bag parameters recently determined from HQET sum rules and the vacuum-insertion
approximation for meson matrix elements of dimension-7 operators, the calculated B

10ur early conjecture of 7(92) of order 2.3 x 10735 first presented in [86] is indeed consistent with the
LHCb measurement.
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meson lifetime ratios 7(BT)/7(BY) = 1.074f8:8%g and 7(BY)/7(BY) = 0.9962+0.0024
are in excellent agreement with experiment.

Baryon matrix elements of four-quark operators parametrized in a model-independent
way in terms of four parameters, but only two of them are independent. They are
evaluated using the NQM and the bag model. The hadronic parameter r defined in
eq. (4.12) is estimated in the NQM to be in the range 0.60 to 0.66 for both bottom
and charmed baryons.

The lifetime pattern of bottom baryons is found to be 7(€,) > 7(Z;) > 7(E)) ~
7(AY). Spectator effects due to W-exchange and destructive Pauli interference ac-
count for their lifetime differences. The calculated lifetime ratios 7(Z;)/7(AY),
7(Z;)/7(E)) and 7(Q ) /7(E; ) agree well with the data. Moreover, the A, — B life-
time ratio 7(AJ)/7(BY) = 0.953 is in good agreement with the experimental average,
indicating that the heavy quark expansion in 1/my, works well for bottom hadrons.

It is found that W-annihilation contribution in B decays is much smaller than that in
bottom baryon decays (see tables 1 and 2). The W-exchange in B decays is helicity
suppressed, while it is neither helicity nor color suppressed in the heavy baryon case.

Contrary to the bottom hadron sector where the HQE in 1/my, works well, the HQE
to 1/m? fails to give a satisfactory description of the lifetimes of both charmed
mesons and charmed baryons. This calls for the subleading 1/m¢ corrections to
spectator effects.

We have employed the experimental values for Dt and D° semileptonic widths to fix
the charmed quark mass to be m. = 1.56 GeV. For the charmed meson decay constant
of order 200 MeV, the destructive Pauli interference leads to a negative DT width
irrespective of which charmed quark mass is employed. We showed that 1/m,. correc-
tions to the Pauli interference arising from dimension-7 four-quark operators will be
able to render I'(DT) positive. We use the measured lifetime ratios of 7(DT)/7(DV)
and 7(DF)/7(DP) to constrain the bag parameters and find that By > Bj.

The HQE to order 1/m? implies the lifetime hierarchy 7(Z}) > 7(A.) > 7(ZY) >
7(£2¢). However, the quantitative estimates of charmed baryon lifetimes and their
ratios are still rather poor. For example, the large ratios of 7(Z})/7(A}) and
7(E5)/7(2Y) are not quantitatively understandable.

The calculated lifetimes for heavy baryons depend on the low normalization point.
We considered the hadronic scale in the range of ppag ~ 0.65 — 1GeV and found
that the lifetimes of bottom baryons stay almost constant with variation of ppaq,
while the charmed baryon lifetimes increase by around 10% when the hadronic scale
varies from 0.65 to 1.0 GeV. Nevertheless, the charmed baryon lifetime ratios remain
nearly constant.
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e The relevant dimension-7 spectator effects are in the right direction for explaining
the large lifetime ratio of 7(ZF)/7(A}), which is enhanced from 1.05 to 1.88, in
better agreement with experiment. However, the destructive 1/m. corrections to
['(QY) are too large to justify the use of the HQE, namely, the predicted Pauli
interference and semileptonic rates for Q¥ become negative. Demanding these rates
to be positive for a sensible HQE, we conjecture that the QU lifetime lies in the range
of (2.3 ~ 3.2) x 107135, This leads to the new lifetime pattern 7(Z}) > 7(QY) >
7(AF) > 7(2Y), contrary to the current hierarchy 7(ZF) > 7(Af) > 7(22) > 7(Q2).
This new charmed baryon lifetime pattern can be tested by LHCb.

e The QY which is naively expected to be shortest-lived in the charmed baryon system
owing to the large constructive Pauli interference, could live longer than the A} due to
the suppression from 1/m, corrections arising from dimension-7 four-quark operators.

e For charmed baryons =. and 2., there is an additional contribution to the semilep-
tonic width coming from the constructive Pauli interference of the s quark. However,
this interference effect will be partially washed out by the next-order 1/m. correction,
in particular for the latter. Nevertheless, this interference effect can be tested by
measuring the ratio of semileptonic branching fractions B*™(Z1)/B%™i(AT).

Finally, we would like to remark that it is straightforward to generalize the present
lifetime analysis of singly heavy baryons to doubly heavy ones. Recently, LHCb has pre-

T+ to be

sented the first measurement of the lifetime of the doubly charmed baryon =7,

T(ELY) = (2567033 % 0.14) x 1075 [87].
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A Spectator effects from dimension-7 four-quark operators

In this appendix we sketch the derivation of dimension-7 operators (2.23) relevant for the

aQn’Zl in eq. (2.23) corresponds to 7?1

in eq. (17) of [26]. Consider the Cabibbo-allowed charmed baryon decay so that

spectator effects in heavy baryon decays. The term ’7'78

6

TBmd _ G%‘m% V..V 2 suPd hsuSd Al

T,ann — 67r|CSUd|Zgii+ii7 (A1)
i=1

with14
qq’ 2 qq’ qq’ 2 qq
9; = €39;11 T C1C29; 10 T €19, 20>

! ! ! !
ad _ 2144 aq 2749
hi® = cah;y; + cicahy g + cTh; 5. (A.2)

M Our convention for the Wilson coefficients ¢; and ¢z is opposite to that of [26], namely their C5 is our
c1 and vice versa.
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Since (see eq. (B3) of [26])

su SU

glzj_QZZj_g4U_ 1,45 — 213_h4,ij:07 (A3)
it follows that

2
7' md _ GFmC
T,ann —

Vaal? (95“P§ + g5 P + g5 P + h3“S§ + h3"SE + hi"Sg) . (A4)
The coefficients g3* and h35" are given by
U =2(1 —2%)(2 + 6ere + c3), SU=12(1 — 2?)(c + ). (A.5)

The remaining coefficients 92((16) ;; and hg((}G) ;; in HQET are related to those in QCD via
(see eq. (B5) of [26])

(955 )uqeT = (Fi')qcep, (965 )mQET = (Fg%;)QcD,

(hs%)mqeT = (G7))qep, (hes)uqer = (G&;)qeD, (A.6)
with the coefficients F*? and G*? given in

GEm; 2 ( psuyd su)d surpd surpd

T = —E Ve Vaal? (FQ" + Q% + G™T" + GY'TY) (A7)
where

Q7 = (ed)(de), Q& = &(1 = y5)dd(1 + 75)c,

T = (@td)(dt%c), Td = &1 — 75)t%dd(1 + ~5)t%c. (A.8)

Identifing eq. (A.7) with 7?;@71’21 in eq. (2.20), we see that
Fs% = (1 — 2)%(c? + ¢ + 6e1co), G =6(1 — z)2(c3 4 c3), F&'=G3 =0. (A9)
Hence,
su __ 2.2 2 su __ 202 2 Su __ psu
95" = (1 —2)%(c] + ¢ + bcica), 3 =06(1—2)(c] +3), 96" = hg" = 0. (A.10)

The expression of 7'7 ;ilz given in eq. (2.23) with Bg = B, and ¢; = d is thus obtained.

Likewise, 7'7 o given in eq. (2.23) corresponds to the transition operator 7:1WA° in [26]
and it has the expression

G2Zm?
Tot = L Vs Vaal? S (9P + st (A11)
i=1
From appendix B of [26] we obtain
1
gt = g3¢ = —(1 — 2)%(1 + 2x) (Nc% + 2c1¢ + Ncc§> ,
C

1
g§d =2(1 —z)(1 —|—x+x2) (
N,

3 4 2cic0 + NCC%> )
1
gt = —1222(1 — x) (Nc% + 2c1c9 + Nccg) : (A.12)
C

it = hy' = =201 - 2)°(1 + 22)ct
Rt =41 —2) A+ 2+ 2%},  h§l = —242%(1 — z)cl.
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The coeflicients ggfiﬁ and hg% are found by comparing

G2m?
Tomt = —ER VeVl (F1Q" + F'Q% + G'T" + GY'TY) (A.13)

with %?Q’qf in eq. (2.20). Hence,

int
sd - 2 E i 2 2
gid = (1 x) 14+ ¢ + 2cica + Necs |
2 N,
1
g = (1—2)*(1 + 22) (NC% +2cic2+ NCC%> ’

Cc

hid = —2(1 — z)? (1 + £> A,

2
hed = —2(1 — )2(1 + 2x)c3. (A.14)
This completes the derivation of 7'76;071?

The 7'76;*;;? term in eq. (2.23) describes the Pauli interference in b — ccs (see fig-
ure 1.(b)). It can be deduced from

5 GEmj, )\
,S
T = —E L [V Ve > (gt P+ S (A.15)
i=1
We find
1
gif = g5° = —V/1 —4x (1 + 22) (Nc% + 2c100 + Nccg) ;
C
2(1 —2x —22%) [ 1
55 — — 4+ 2¢1¢0 4+ Noc3 ),
9 Vi—iz <Nc LA e
2422 1
g4 m <Nc 1 162 ct2
R§S = h5* = —2v/1 — 4z (1 + 2x)c%,
4(1 — 2z — 22%) , 4822
hs® = T ) " A.16
’ Vi—w U T i )
and
1
ggs = —m(l — l’) <NC% + 26102 + NCC%> )
C
1
ggs = m(l + 2.%') FC% + 2c100 + Nccg> )
C
hi* = =21 —dx (1 —x)ct,  h§ =2V1—4dx (1+2z)c]. (A.17)

Finally, the last term Tffnf in eq. (2.23) corresponds to the transition operator 7ZLWA+
in [26]
2,2
GEm;
67

6
s = LR Ve Vaal® Y (5057 + 787 ) (A.18)
=1

It turns out that it has the same expression as 7'7%21;13 except for a vanishing x and the

interchange of ¢; and cs.
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B Baryon matrix elements in the quark model

We show briefly the derivation of eqs. (4.3), (4.4) and (4.6) in the MIT bag model because
the expressions in the non-relativistic quark model can be obtained from the former through
a simple replacement given in eq. (4.9). Consider the four-quark operator O = (QQ)(qq).
This operator can be written as O = 6(QQ)1(gq)2, where the superscript i indicates that
the quark operator acts only on the ith quark in the baryon wave function. In the bag
model, it has the expression (see e.g. eq. (B2) of [66])

(Q0)1(@q)2 = ag + by — ( L ) G0 5, (B.1)

where a4, by and ¢, are the four-quark overlap integrals defined in eq. (4.5) in terms of the
large and small components of the quark wave function, u(r) and v(r), respectively,

iu(r)x
(o), o
v(r)o - tx
Applying the relation
L 1
G102 = 5(01402— + 01-024) + 0102z, (B.3)
and the wave functions
1
A) = ———=[(ud — du)x,, + (13) + (23)],
b 7 [( X+ (13) + (23)]
1
Q= — [ssbx, + (13) + (23)], B.4
b \/5[ Xs +(13) + (23)] (B.4)
with obvious notation for permutation of quarks, where abcy, = (2aTbtet — albbet —
a*b’ch)/v/6 and abey , = (aTbre! — atblel)/V/2, it is straightforward to show that
t oot 1 F ool b (G 2
<Qb’b1bb1bb25625|9b> = g, <Qb‘b1bb1bb25b23 (0(,1 . O'SQ)‘Qb> = —g. (B5)
Hence,
_ _ 1
(] (0D) (55)|Q) = 6(Q](bb)1(55)2|) = 5(18% + 2bs + 32¢4). (B.6)
Likewise,
(Ap|(bD)(qq)|Av) = aq + by (B.7)

Next, using the expression

(Quurs@1 (27" (1 = 75)2)2 = (ag — bg)q - Gy + 2by (T - #)(y - £)

b
= (aq - ;) 7q - dg. (B.8)
we obtain
- _ bs - ~
(| by 5051 5|Qy) = —4 (as - 3> , (Ap|byuy5bqT g Ap) = 0, (B.9)
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where I'* = v#(1 — ~5). With eq. (4.7) and the relation

_ _ 1 -
0y, 5b37" (1 — 75)g = —b*(1 — 75)¢° 3" (1 + 75)b" — 5 (ba) (@), (B.10)

we arrive at the results of (4.4) and (4.6).

Since in heavy quark effective theory, the matrix element (Hg|Q¥Q|Hg) is normalized
to 2mpy,,, we need to put back the factor of 2mpy,, in an appropriate place, for example,
(A9](bb)(qq)|Ap) now reads (aq + bg)(2ma,). Note that in the quark model, the hadronic
parameter B is equal to unity which is supposed to be valid at the hadronic scale.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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