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Lifetimes of the doubly heavy baryons 3,;, and 15, are analyzed within the framework of the heavy quark
expansion (HQE). Lifetime differences arise from the spectator effects such as W-exchange and Pauli
interference. For doubly bottom baryons, the lifetime patternis 7(Q;, ) ~ 7(Z,) > 7(Z9,). The ), baryon is
shortest-lived owing to the W-exchange contribution, while =, and €;, have similar lifetimes as they both
receive contributions from destructive Pauh interference. We find the lifetime ratio 7(Zj,)/7(E),) = 1.26.
The large W-exchange contribution to = _bc through the subprocess cd — us — cd and the 51zable destructlve
. In the
presence of subleading 1/m,. and 1/m,, corrections to the spectator effects, we find that 7(€),) becomes
longest-lived. This is because T and '™ for Qg(, are subject to large cancellation between dimension-6
and -7 operators. This implies that the subleading corrections are too large to justify the validity of the
HQE. Demanding that T, (Q9), ToL“* (Q9.) be positive and ['%_(Z;.) be negative, we conjecture that

int

1.68x 10735 <7(Q) ) <3.70x107135,4.09x 1035 <7(8/,) <6.07x107%s,and 0.93x 10~ Bs <7(E) ) <

Pauli interference contribution to 2, imply a substantial lifetime difference between Z and 29,

1.18x 107135, Hence, the lifetime hierarchy of B, baryons is expected to be 7(E;,)>7(Q),.)>7(E) ).

DOI: 10.1103/PhysRevD.99.073006

I. INTRODUCTION

After the discovery of the doubly charmed baryon E/
in the A K~z z" mass spectrum [1], LHCb proceeded to
measure its lifetime [2]:

(B = (1.1)

The theoretical predictions of doubly charmed baryon
lifetimes in the literature [3-9] listed in Table I spread
a large range, especially for ZIf. It appears that the
early predictions of 7(EfF) were too large compared
to the experiment. The lifetime pattern is expected to
be T(2) > 7(Q) > 7(EL,).

In this work, we would like to generalize our previous
study of doubly charmed baryon lifetimes [8] to the doubly
bottom baryons B, and charm-bottom baryons B,.. Some
predictions available in the literature are shown in Table II.
It is well known that the lifetime differences stem mainly
from the spectator effects such as weak annihilation and
Pauli interference. Spectator effects are depicted in Figs. 1
and 2 for B,,, and B, baryons, respectively. Calculations in

(2.561075 £0.14) x 1073s.

[5,7,9,10] indicate that the lifetimes of Z), and E;, are
close to each other. However, we see from Fig. 1 that E),
has a positive contribution from the W-exchange box
diagram, while both E, and €, receive destructive
Pauli interference contributions. Hence, it is anticipated
that 7(Q;,) ~r(._bb) > 7(29,). We are going to show in
this study that this is indeed the case. Likewise, a large
W-exchange contribution to E), through the subprocess
cd — us — cd and a large destructive Pauli interference
contribution to E; (see Fig. 2) will imply a substantial
lifetime difference between E,. and Egc, which will be
checked in this work.

TABLE 1. Lifetimes of doubly charmed baryons in units of
10713 5. The results of [9] are based on the calculation of using
m. = 1.73 £0.07 GeV and m; = 0.35 £ 0.20 GeV from a fit to
the LHCb measurement of r(uj’j).

=t =t Qf
cc cc
Kiselev et al. ("99) [3] 43+1.1 1.1+03
Guberina et al. ("99) [4] 15.5 22 2.5
Kiselev et al. (°02) [5] 46+£05 16+£05 27£06

Chang et al. (C04) [6] 6.7 2.5 2.1

) ) . . Karliner, Rosner ('14) [7] 1.85 0.53
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TABLE II.

Predicted lifetimes of doubly bottom and charm-bottom baryons in units of 10713 s.

Likhoded et al. [10] Kiselev et al. [11]

Kiselev et al. [5]

Karliner et al. [7] Berezhnoy et al. [9]

E(’%” 7.9
Epp 8.0
Q, 8.0
g, 2.8 3.3+0.8
=5, 2.6 2.8+0.7
Q) 2.1

7.9 3.7 5.2 £0.095

8.0 3.7 5.3 £0.096

8.0 5.3 +£0.093
30£04 2.44 24+£02
27+£03 0.93 22£0.18
22+£04 1.8 £0.088

The study of B, lifetimes is more complicated than the
By, case for several reasons. First, besides the spectator
effects due to each heavy quark b or c, there also exist
W-exchange and Pauli interference in which both 4 and ¢
quarks get involved. Second, care must be taken when
considering the heavy quark expansion (HQE) for the
charm quark. It is known that the HQE in 1/m;, works
well for bottom hadrons [12]. On the contrary, the HQE to
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1/m3 fails to give a satisfactory description of the lifetimes
of both charmed mesons and charmed baryons [12]. Since
the charm quark is not heavy, it is thus natural to consider
the effects arising from the next order 1/m, expansion.
This calls for the subleading 1/m corrections to the
spectator effects. It turns out that although the relevant
dimension-7 spectator effects are in the right direction for
explaining the large lifetime ratio of the charmed baryons

(c)

FIG. 1. Spectator effects in the nonleptonic decays of the doubly bottom baryons: (a) W-exchange in Z, decay and destructive Pauli

interference in (b) Z;, and (c) &, decays.
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FIG. 2. Spectator effects in the nonleptonic weak decays of the charm-bottom baryons: (a) E:E, (b) Egc, and (¢) Qgc. In (a) and (b) there
are two W-exchange diagrams, one constructive Pauli interference and one destructive Pauli interference. In (c) there are one W-
exchange, two constructive Pauli interferences and one destructive Pauli interference.
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such as 7(E})/7(AL), the destructive 1/m, corrections to
the lifetime of Q¥ are too large to justify the use of the
HQE, namely, the predicted Pauli interference and semi-
leptonic rates for the QY become negative, which certainly
does not make sense. Demanding these rates to be positive
for a sensible HQE, it has been conjectured in [12] that the
Q0 lifetime lies in the range of (2.3-3.2) x 107" s. This is
indeed consistent with the new measurement of the QU
lifetime by LHCb [13] and the new lifetime pattern
7(EF) > t(Q0) > 7(A}) > 7(EY), contrary to the hier-
archy () > 7(A}) > 7(E2) > 7(Q2) given in the
PDG [14]. This indicates that 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 next
order 1/m, corrections arising from dimension-7 four-
quark operators. By the same token, this effect should be
also taken into account in both By, and B, systems.

For the doubly heavy baryons B,., we shall follow the
traditional convention of unprimed states Z,,. and €2, with
the bc diquark being of the axial-vector type (S,. = 1) and
primed states =} . and € . with the scalar type of the heavy
diquark (S,. = 0). Theoretlcal calculations imply that B}
is heavier than B,,." Hence, the primed B, baryons are
dominated by the electromagnetic decay B),. — B.7.

In this work we shall study the lifetimes of doubly heavy
baryons within the framework of the HQE. It is organized
as follows. In Sec. II we give the general HQE expressions
for inclusive nonleptonic and semileptonic widths. Special
attention is paid to the doubly heavy baryon matrix
elements of dimension-3 and -5 operators which are
somewhat different from the ones of singly heavy baryons.
We then proceed to discuss the relevant dimension-6 and -7
four-quark operators. Evaluation of doubly heavy baryon
matrix elements and numerical results are presented in
Sec. III. Conclusions are given in Sec. IV.

II. THEORETICAL FRAMEWORK

Under the heavy quark expansion, the inclusive non-
leptonic decay rate of a doubly heavy baryon Bgy
containing two heavy quarks QQ’ is given by [17,18]

1
00’

1
a 2m3

Boo| / T (L} () Ly (0] Bog ).

(2.1)

[log

' Almost all the calculations available in the literature lead to
mg > mg, (see, e.g., Fig. 18 of [15]) except the QCD sum-rule
calculation of [16] and the lattice QCD calculation of [15]. Note
that the definition of primed and unprimed B, states in [15] is
opposite to the conventional one.

in analog to the case of a singly heavy baryon B,. Through
the use of the operator product expansion, the transition
operator 7 can be expressed in terms of local quark
operators

Gimy _ C5.0 = c
=53 ?5(c3,QQQ+5—’2QQo-GQ+6—*3QT6
T mQ mQ

C
+7—V4QT7+...>7
mo

(2.2)

where ¢ is the relevant Cabibbo-Kobayashi-Maskawa
(CKM) matrix element, the dimension-6 T consists of
the four-quark operators (QI'q)(gl’Q) with I representing
a combination of the Lorentz and color matrices, while a
subset of dimension-7 T is governed by the four-quark
operators containing derivative insertions. Hence,

Gim3 1 -
e G

Bbe
+ Ci’gb (Byc|bo - Gb|By,)
U

c

+L4b<8bc|T7|Bbc> +o
ny,

G%m
192ﬂ

F(th)

C
+ L’f <Bbc|T6|Bbc>
nm,

’;5 {03,C<th|505hc>

Cs.¢ _ Coe
+ 25 (Byeleo - Ge|Bye) + 75 By TelByc)

c c

c C
+ n1’4 <Bbc|T7|th>+‘”}'

(2.3)

In the following we shall discuss the contributions from
dimension-3, -5, -6 and -7 operators separately.

A. Dimension-3 and -5 operators

In heavy quark effective theory (HQET), the dimension-
3 operator QQ in the rest frame has the expression

. , 0(iD)?Q Qo -GQ 1
Q0 = 0ryQ - ( 2 + —+0(—=). (24
2mQ 4mQ ny,
with the normalization
B / C B /
2m3 ,
0
Hence,
<Bbc‘EC|Bbc> /’tzrc M%}c 1
—=1- : o— |, 2.6
2mp,, 2m? + 2m? + m} (26)
where
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1 >
fare = WBM (Byle(iD)*c|By.)
= 2 <B/n| (iDJ_)zc|th> = _j'(lja
1
luzG,c =5 2 <Bbc|c o GC|BbC> - dH/1 (27)
mez‘

The nonperturbative parameters 1; and 4, are independent
of my and have the same values for all particles in a given
spin-flavor multiplet.

We first consider the nonperturbative parameter z2. In
general, ., = (p*) = (myvp). The average kinetic
energy of the diquark bc and the light quark ¢ is
T = mdlvdl +1 mqvq, where mg; (mg) is the mass of
the dlquark (light quark). This together with the momentum
conservation mg;v,; = m,v, leads to

02 = 2myT . (28)
' (mb + mc)(mb + me + mq)

As shown in [3], the average kinetic energy T’ of heavy
quarks inside the diquark given by 1 m,, (¥ + #2) is equal to
T/2 due to the color wave function of the diquark. Hence,
the average velocity ¥, of the heavy quark b inside the
diquark is ¥ = m.T/[m(m; + m.)], where we have
applied the momentum conservation m, ¥, = m.D.. As a
result, the average velocity v, of the heavy quark inside the
baryon B, is [5]

9 23 .2 m.T 2m,T
VRV, F Uy = + ,
my,(my+m;)  (my+m)(m,+m.+my)
T 2m,T
iRl = + 1 )
‘ ‘ ¢ mc(mb+mc) (mb—ch)(mb—ch—qu)
(2.9)
Hence,
m.T 2m,T
By, )~m? - + ),
Has (Boc) b<mb(mb+mc) (my,+m.)(my+m.+mg)
m, T 2m,T
B, ) ~m? b + >
Hac(Brc) c<mc(mb+mc) (my,+me)(my+me+mg)

(2.10)

We next turn to the parameter uZ. For the doubly heavy
baryon B, if the heavy diquark acts as a pointlike
constitute, its mass is of the form

2 2 2
n Hzp Hz.c HGp
=my+m,+Ap +——+ -
b Be 2my,  2m. 2my,

2
1
— @ + O(z) .
2m, mg

mpg,.

(2.11)

There are two distinct chromomagnetic fields inside the
B,.: one is the chromomagnetic field produced by the light
quark and the other by the heavy quark. To proceed, let us
consider a simple quark model of De Rdjula et al. [19]:

-

16 5:-5;
Mbar)’()n:MO"i_"'"i_?ﬂasZ mom, |W( )|
i>j J
32 5.5,
M peson = My + -+ - + == 7ay 0). 2.12
meson 0 + + 9 e mym, |W( )| ( )

It is well known that the fine structure constant is — % a, for
gq pairs in a meson and — % a, for gq pairs in a baryon [19].
This is because the gg pair in a meson must be a color
singlet, while the gq pair in a baryon is in color antitriplet
state. The mass of the doubly heavy baryon 5, is given by

16 Sb S
mg, =nmy+me+--+-=ma; — 4, 1
9 mymg,  m.m

-

S,-S
ﬂ|¢bc<o>|2],

m,m
where y9¢(0) is the light quark wave function at the origin
of the bc diquark and ¢*(0) is the diquark wave function at

the origin.
The matrix elements of spin-spin interactions are given by

(ByelS5 - ,Bc) = 5 S04(Sng + 1) = (5, + 1)
= 5,(8,+ 1),

(ByelS. -, 1Byc) =3 [Seq(Sg + 1) = Sc(S. +1)
—5,(S,+ 1), (2.14)

where S, (S.,) is the spin of the diquark bq (cq). To evaluate
the diquark spins Sj, and S, we need to change the basis
from |S, Sp.) to [S, S,,,) or [S, S.,) with S being the spin of
the heavy baryon:

1S, pe) = D (=1) #9849, [(25,,4+1) (28 + 1)
S},q

S, S, S,
x{ 1 “}|S,qu>,
S, S Sy

1S, Spe) = D (=1)S#95450, (25, +1) (28 + 1)
S,

cq

S, S. S,
x{ 1 ‘1}|S,scq>.
S, S Sy

We find:

(2.15)
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6 lmb+m
= — 2y abe())? be ()2 ,
M, = mytmet ot ( e W40 +4mbm‘|¢ <>|)
6 1 my, +m,
m = — S lyebe(0)|* + be(0)]2 ). 2.16
me, = my ) “<4mbmmq"” OF + 3l <>|) (2.16)

The term proportional to |w9?¢(0)|?> can be expressed in terms of the hyperfine mass splitting of Z,,,:

4 my, + m, .
o — Mz = —aa, ——< b (0) 2. 2.17
ms, =, =g by 0) 2.17)

Identifying the last two terms in the parentheses of Eq. (2.16) with —ug, ,/(2my) — ug ./(2m.), we obtain

2 4 |¢b”( I
2 = == =x = - = 2 18
Hg,b@)( be) (mz . m_‘b(.)mb(c) 9 na Mo ( )
It has been known that HQET is not the appropriate effective field theory for hadrons with more than one heavy quark.
For a singly heavy hadron, the heavy quark kinetic energy is neglected as it occurs as a small 1/m, correction. For a bound
state containing two or more heavy quarks, the heavy quark kinetic energy is very important and cannot be treated as a
perturbation. The appropriate theory for dealing such a system is nonrelativistic QCD (NRQCD), in which one has

_ . 1 Lo
Qg,0- GQ = -2y },g,6 - Byy — m—nggsD Eyg - (2.19)

in terms of the two-spinor y (. According to the counting rule, the Darwin term for the interaction with the chromoelectric
field is of the same order of magnitude as the chromomagnetic term [20]. Hence, we get an additional contribution to u2;:

2 1, |g"(0) 1 ,[¢™(0)?
2 e — me ’
HEp = 3 (mz m_b[)m 9gs . 6g o,
2 1" 0)) 1 > [P (0)?
2 L. _ . .
Hoe =3 (mnbf M, e 97" my b me (2.20

The last term in yzG, » and p% . can be obtained by using the equation of motion for the chromoelectric field. It follows that

Hy.lcclE 1 1mg —mg, 1 be()2 1 be(0))?
< bc|CC| bc> — 1__1]%_1__ be be %|¢ ( l' _ §|¢ (3)| ) (2.21)
2mz,, 2 3 m, 187" mym; 12 m;
This expression is different from the one given in [5]:
(EpelCc|Epe) 1 L9 (0))F 1 [ (0)]
— = 1- - g 2.22
2mg, ZU +39 Cmym? 67 md (222)

We notice that the third term in Eq. (2.21) is absent in the above expression. This is because the authors of [5] considered the
=/

charm-bottom baryon Epe with the scalar bc diquark so that S,.=0. It is straightforward to show that

(B,.1S,-S 2| Zhe) = <_hc S-S 4|Zhe) = 0. Hence the chromomagnetic interaction of the heavy quark with the light quark
does not contrlbute to &),.. However, since =} _ is heavier than E,, it is dominated by the electromagnetic decay B, . — Z, 7.
The nonleptonic and semileptonic decay rates of the I3,. baryons are then given by

Gim; Wio | MG T Gm Moy HE T
ress(3,,) = 91 5{ { #58] oap ok, S of R PR I JCED

19273 2m2 " 2m? ARTT= - 2m2 2
and
G2m’d W2 uE . 12 sz 12 12
s, ) = 2FMe SL e G.c 20SL Gc Fp G.b 7cSL Gb ) 2.24
( bc) 1927[35 C3,c Zm% + Zm% + 5 c 192 3 5 2 2 + zmb + cS,b m% ( )

where the expressions of the coefficients c3 () and cs () can be found, e.g., in [12]. For doubly bottom baryons By, the

expressions of '%¢(B,,) and I't(B,,,) are the same as Eqs. (2.23) and (2.24), respectively, except that the charm quark is
replaced by the bottom quark.
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B. Dimension-6 operators

Defining

%’mQ
6 — 1921 35 6Q 6,

(2.25)

the dimension-6 four-quark operators in Eq. (2.3) for spectator effects in inclusive decays of doubly charmed baryons B,
are given by (only Cabibbo-allowed decays being listed here) [11]:

Gam? - o
Totmpe =5 Ve P (14 V) (1= 2, ){(c] + 3)(Bb) (2c) + 2¢1¢5(be) (eb) .

T = BV (1 = 3, (6 )(B0) )+ 23 () (b))
o= G%’” Va1 = 56 + )(Ee)(@d) + 26,2 e,
o= G6 WP >2{c%[(1+§xc)<cc>< )= (14 20061 = W1+ 75)e|
+ (2¢ic, + N3 K ; ) +2xc)5(1—y5)ua(1+y5)c]},
Tﬁg;”_,bd:—G%mlz’|vcb\ (1—-x,) {c Kl+]xb>(bb (dd) - (1 +2xb)13“(1—ys)dﬂaﬂ(lﬂs)ba}
+ (2¢ic5 + N3 K —l—;xb) 1+2xb)l_7(1—ys)dc_i(1+75)b]},

2m3 _ -
T8y == LY T A0, (1 = 0,) (BB)(ES) = (14 20)B(1 = 7)1+ 1)
+(2¢163 4+ Nec3)[(1 = xp) (bs)(5b) = (14 2x5)b(1 = y5)s5(1 + 15)b]},
G%m

Tt == IVesP(1L= VA {B3[(20)(55) = 2(1 = 1) (1 + y5)e”]

+ (26102 +Nect)[(@s)(5¢) = &(1 —ys)s5(1 + y5)c]},

2m2 _ _
=T VP = VP = 502 | (14 0 ) B0)(E0) = (1 -+ 260571 = )1 4 15)o"

By, _
76 int+,bc —

+ (2¢i¢3 + Nec?) [(1 + %xb_) (be)(eb) — (14 2x,_)b(1 —y5)ce(1 + }/S)b] }

G

m .
L1 VP (1 = ) with %, = 0}, (2.26)

where (§,¢,) = c'm/ﬂ(l ¥s)q2, and a, B are color indices, x, = m?/m2, xb =m2/m3, and x,. = m2/(my, £ m.)>.
Spectator effects in the weak decays of the doubly charmed baryons Z/_, 29 , and Q) are depicted in Fig. 2. The first

amplitude 75 in (2.26) corresponds to the first W-exchange diagram in Figs. 2(a)-2(c), which is common to all B,

6, ann bc

baryons. Similarly, the amplitude 75 corresponds to the second W-exchange diagram in Fig. 2(a). The amplitude

TBu

6, ann bu

arises from the constructive Pauli interference of the ¢ quark produced in the b quark decay with the ¢ quark in the

6,int+,bc
wave function of B,,. It corresponds to the third diagram in Figs. 2(a) and 2(b), and the second diagram in Fig. 2(c). The
term ’Tﬁ “ini—cu 18 due to the destructive interference of the u quark, and it occurs in the fourth diagram in Fig. 2(a).

For inclusive semileptonic decays of ;. baryons, there is a spectator effect originating from the constructive Pauli
interference of the ¢ or s quark [21]; that is, the ¢ (s) quark produced in b — ¢~ 0, (¢ — s£1v,) has an interference with the ¢
(s) quark in the wave function of B, (©9,). This amounts to replacing the loop quarks s¢ and dii (ud) in the second (third)
diagram of Fig. 2(c) by £~ (£v,). It is now ready to deduce this term from 75 6mit.cs and T?fi‘,‘n + »e IN Eq. (2.26) by putting
ci=1,¢c,=0,and N, = 1:
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_ G2m? 1 - - _
TS = = SR (1 = i | (14 G ) (Be)ed) = (114 26,)B(1 = ps)ee(t + 7508

2 .2
Bp..SL Gem
6,Iint,cx = - g < |VL\‘2(1 vV xc)z |:<

. 1 +%xcf> (@s)(5c) = (1 + 2x.0)c(1 —ys)s5(1 + y5)C], (2.27)

where x., = m2/m?2 and x,, = m%/m?. . 5 .
For doubly b(;gttom bar;;j’ons By, theBexpressions of T 6.ann.bu> Té,l;'l;n—,bd’ and Tﬁj.bm_,bs (see Fig. 1) have the same
expressionsas T g% . T ,.andT g% respectively,in Eq. (2.26). However, there is no additional spectator effect

in semileptonic decays of 13, baryons.

C. Dimension-7 operators

To the order of 1/ m‘é 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/m, corrections to the spectator effects discussed in the last subsection and neglect the
operators with gluon fields. Dimension-7 terms are either the four-quark operators times the spectator quark mass or the
four-quark operators with one or two additional derivatives [22,23].

We obtain [12]

2 .2
B Gm ¢ c pbc pbc
T7,Znn,hc:%|V0b|2(1+\/x_b)2(1_xh+)2{2clcz[2(1+xb)P§ + (1=x,) PE]+ (7 +¢3) [2(1 4 x5) PR + (1 =x,) PS°},
Gim - -
7%",17“:#%17?(1—xb)2{2clcz[2(1+xb)P'3’“+(1—xb)Pé’“]+(C?+C§)[2(1+xb)1’§“+(1—xb)P’S’”]},
B Gpmg ‘ ‘ y .
T7.Znn.cd:7|vcs|2(1_xc)z{zclcﬂz(l+xc)P§d+<1_xc)P%d} —l—(C%-f—C%)[Z(l +xc)P§d+(1 _xc>Pgd]}’

Grm? , , . ,
T80 = SV P =] o1 N 1m0 (120 (P P31 200 Py - 122

1 ~ - -
—(1-x.) (1 —l—ExC) P+ (1-x.)(1 +2xC)Pg”] +c? [—(1 —x.)(142x.) (P§* + P§*) 4+2(1 4 x4 x%) P

~ 1 - .
—12Py (1) (1 P (x5 20Pe

B, B,
T7ﬁ';zt,bd =755 (C - bv u— d? Vcs - Vcb)’

7.int.cu
Bie Bie
T7Vl;'nt,bs = T7,bint,bd(d - S) ’
2.2
By G nme cs cs cs cs cs Dcs _ pes pcs _ pces pcs
T7,I;'(nt.cs: gﬂ IVcslz(l—\/)70)2{(20102+NCC%)[—P1‘ — Py +2P5 - P5’ + P ]+C%[_Pl — P53 +2P5 - P§’ + P ]}
Gim? - - - - -
B ” C C C C C C C C C [
T upe =g Vel (1= /%) { (€162 + N D) [=PYe = Py 4 2P3¢ = P Pic] + 3 [P — P3¢ + 2P = P3 + Pe]},
(2.28)
where dimension-7 four-quark operators are defined by [2417
0q _ Mg = ~ 0q _ Mg = _
Pyt =—L0(1-75)qq(1 —ys5)0Q, P =—0(1 +7s5)qq(1 +75)0,
o mg
1 - < B 1 - < _
P$1 = —0D,r,(1 - y5)D’qqr"(1 —y5)Q, P =—-0D,(1 —ys5)D’qq(1 +15)Q.
mo mo
| _ . I . _ .
P :m—QQn(l —75)qqr (1 —ys)(iD)Q, P2 :m—QQ(l —75)qq(1 + 75)(iD)Q. (2.29)

The T5 term in the HQE is suppressed by a factor of 1/m, relative to T [see Eq. (2.2)]. However, this suppression factor is absorbed

in the definition of Pl-Qq for later convenience. We shall see below that the hadronic matrix elements of dimension-7 operators are
suppressed relative to that of dimension-6 ones by order m,/m,.
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and P; denotes the color-rearranged operator that
follows from the expression of P; by interchanging the
color indices of the Q; and q; Dirac spinors, e.g.,

Plgq = Z—;Qi(l —75)q;3;(1 =75)Q;.
For doubly bottom baryons B,,, the spectator effects
7B

7.ann,bu’

TB;;I,-

7.ann,bu’®

T?f;’;n, pa» and T%Z +.»s Nave the same expressions as
By By, ; ;

T par and T5%  in Bq. (2.28), respectively.
As for the dimension-7 contributions to semileptonic

decays, it can be obtained from T%{zh “and T %Zfs by

setting ¢y = 1, ¢, =0, and N, = 1. Taking into account

the lepton mass corrections, it reads [12]

. Gim?
T == 2 Ve (1 = /%) [=(1 = xp)?

X (1 + 22, ) (P} + P5) +2(1 = xpr)

X (1 + xpp + X3, )P5 = 1223, (1 = x,) PL°],

cs G2 m%
T?%m - gﬂ_ |Vcs|2(1 - \/Z)z[_(l _xczf)z
x (14 2x0) (P + P§) +2(1 = x0)
X (14 xer +x20) P — 1203, (1 = x0p) PS'],

(2.30)

where XQf = (mf/mQ)z

III. LIFETIMES OF DOUBLY
HEAVY BARYONS 5,, AND 5,,

A. Baryon matrix elements

The spectator effects in inclusive decays of the
charm-bottom baryons B3, arising from dimension-6 and
dimension-7 operators are given by Egs. (2.26)—(2.28) and
Eq. (2.30), respectively. We shall rely on the quark
model to evaluate the baryon matrix elements of four-
quark operators. Since the heavy bc diquark of B, is
of the axial-vector type, its flavor-spin wave function is
given by

1

—ctbbgt —ctblqgt + (13) + (23)). (3.1)

In the nonrelativistic quark model we have (see
Appendix B of [12] for the detail)

(Bl (€0)(39)|Epc) = 6ms, [y (0)]>,  (3.2)

—bc

where we have taken into account the normalization of the
matrix element (Byo|QFQ|Boo) or (Boo|Q'#Q'|Boo)
to 2mBQQ,. The relevant B,. baryon matrix elements of

dimension-6 operators are

(Bbc|(09)(qQ)|Bye) = =6mp, [y®"(0)[%,

(B |(00)(29)|Bye) = 6mys, |y (0)|B.
(Bye|O(1=75)qq(1 +75)Q|Byc) = —mp, [p*(0)[%,
<Bbc|Qa(1 —}’s)qﬂqﬁ(l +J’5>Qa|Bbc> =mp,, ll/q’bc(O)PBv

(3.3)

with Q = b, c. The parameter B is defined by

(By[(Q0)(q9)|Bpe) = —B(By|(Qq)(7Q)|Bye).  (3.4)

Since the color wave function for a baryon is totally
antisymmetric, the matrix element of (QQ)(gq) is the
same as that of (Q¢q)(gQ) except for a sign difference. That
is, B = 1 under the valence-quark approximation.

For the B,. matrix elements of four-quark operators

involved with both b and ¢ quarks, we obtain

(Byel(bc)(ch)|Bye)
(Bycl(bb)(2c)|Bye)
)
)

07
07
2m

(Bpelb(1 —ys)ce(1 +75)b| By,
(Bpe|b*(1 = y5)cPeP (1 + y5)b%| By,

5, O,
~2mg, | (0)B.
(3.5)

It should be remarked that the 53, matrix elements of the
four-quark operators (bc)(¢b) and (bb)(cc) vanish in the
nonrelativistic quark model but not in the MIT bag model.
However, for the reason of consistency, we will stick to the
former model. Note that our expressions of the ;. matrix
elements of dimension-6 operators Egs. (3.3) and (3.5) are
different from that given in [5,11], in which the spin of the
bc diquark is treated to be zero.

Likewise, the B,, matrix elements of the dimension-7
operators P%¢ read

073006-8
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They are suppressed by a factor of m./m,, relative to the
matrix elements of dimension-6 operators. For the matrix

<Bbc|Pqu|Bbc> = <Bbc|P2Qq‘Bbc>

2be (]2 m%;b( - m%bc} q elements of the operators 13qu, we introduce a parameter /?? in
=B W O my(my + m,) 122 analog to Eq. (3.4):
<Bbc|P§2q|Bbc> = 3<BhL|Pég12q|Bbc>
=3 a.be(())|2 M 7. - N
s O (L Byl PY(B,) = Bl PYIBL). (39)

(3.6)

where the parameters 57 are expected to be of order
unity, and my,.) is the mass of the axial-vector bc
diquark. In the derivation of Eq. (3.6) we have applied
the relations p, ~m,v and p.~m.v as the bc system
has been treated as a diquark. It is then straightforward to
show that

so that #¢ = 1 under the valence quark approximation.
The flavor-spin wave function of 5, is given by

By, = \/—_(szqu¢ —b'biq" —bblg" + (13) +(23)).

2 2
Py Pq 1 M5, T M) (3.10)
m3 2my(my, +m.)’

2 2
Pe pq 1m3;, _m{bc}

m2 " 2m.(my, +m.) (3.7)
¢ b ¢ Then the relevant ,, matrix elements have the
expressions
Therefore, the matrix elements of dimension-7 operators are
suppressed by a factor of m,/m, relative to that of dimen-
sion-6 ones. Matrix elements of the dimension-7 operators o bb s 2
PY¢ read (Byp|(bq)(qb)|Byy) = —12my,, [y 27 (0) ],
(Byy| (bb)(3q)|Byy) = 12mp,, " (0)|*B,
<th|P}1)c|th> = <Bbc|P§)C|th> <Bbb|l_7(l —75)qq(1+75)b|By) = —2meb|‘//q'bb(O) %
= 2my, (=< |p<(0)>n (Bys|b°(1=75)a"@" (1 +15)b°|Bys) = 2my,, [y 4" (0)* B,
be mb 1,2°
(3.11)
<Bbc|ch|Bbc> = 0’
m, .
(Bl P 1Bsc) = =i, (2 ) O (38)
mp, and
|
b 3 m, — m%bb}
(B | Py 1Byy) = (Byy | P3| Byy) = EmeJlI/qhh( )P <bbm%>’ﬂ.27
bg bg bb((})[2 mg,, m%bb} q
<Bbb|P3 |Bbb> = 6<Bbb|P4 |Bbb> = —3mB,,b|l//q‘ (0)| T M3 4- (3-12)
b

In numerical calculations, we shall take my; . to be 6526 MeV and my;;,y; 9978 MeV obtained from the relativistic quark
model [25].
We are ready to evaluate the spectator effects in ;. decays given by

(Bpe|T6 +T7|Bye)

ree(B,,) = S
be

(3.13)
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The results are

B, Gpmj,

ann,be

By, 3 GFmb

ann,bu — 2

Bie 3G m

Farfmgd_i L |VCS| ( wqbc ‘2 C1+C2

Gzm?

Bhe

5 == SEE VP =5 O

By

(ﬁcl—Zc,cz Nc2)<1—|-x 3 2)n<m

|vcb|2<1+m>2<1+xb><1—xb+>2<ﬁ<c%+c%>—2c1c2>n(2—;) ().

—2c1¢y)+ (1

2 _ 2
Ve (1=, [P (0)]*3 (B(c +¢3) = 2¢1¢2) + (1+2,) (Ble +c%)—2c1cz)’7<w>}’
my(mpy+m,)

2 2
~ mg . —m bc
+xc)(ﬁ(c%+cg)_zclcz)’7(n%&1b—_%> },

Bei—2c¢ic=Nec3)(5+x.)

m2
Moy )}
c(mb+mc) '

G m2 -
B, c
8 == SE Y, (1, P2 0 >|2{<Bc%—2c1c2—Ncc%><s+xb>

th

~ 2
—9(fci—2¢cic;—N.c3) (1 —l—xb—gx,%)r](

)
m My
my(m,+m.)) |’

G2m?
S == CE )y, Ty (0) |2{ (B —2¢163-N,3)(54+3)
2 2
- 2 My, — M0
—9(Bc? =2¢1cy =N )| 1+4x,—=x2 || —2e— ) 4
(ﬂcl C1Cy ch>< +xp 3xb n mh(mb+mc)

By G

inty,cs —

e —m2
s s,be 2 5(2 +Nc 2_32_92 +Nc 2_np2 < By {bc}>}7
*(1=/x2)? w"<(0)] { (2¢1c: c—Be3)—9(2¢icy ci—pea)n 7mc(mb+mc)

By, G m? X - ~ m
8 =Ty, v (1—m>2|¢hc<o>|2{<zc1c2+zvcc%—Bc%xl—xh_>2<1+2x,,_>—z<2c1c2+zvcc%—ﬂc%>n(m—;)}

sz ) .
Ve VP (1= /5 Pl (O with x,- 0}, (3.14)
and
G2m2 m
SL.bc c c
3k = Sy - o) 1 2(2) |,
GZmZ m% —mzh,
SLes _ YFEMe 00 N2 s (0)12 15 = 9 By T{be} . 3.15
nt 15y Vel " (1= v/x)lw(0)] G £ m.) (3.15)

Except for the weak annihilation term, the expression of Pauli
interference will be very lengthy if the hadronic parameters
n? and 3¢ are all treated to be different from each other. Since
in realistic calculations we will set B?(u;,) = 1 under the
valence quark approximation and put ;] to unity, we shall
assume for simplicity that 7/ = # and ¢ = .

For the Wilson coefficients in Eqs. (3.14) and (3.15),
we choose the scale u to be my (m,) for the b (c)
quark decay and for the spectator effect involved
the b (c¢) quark. For example, we choose u = m,; for

the Wilson coefficients in Ff]i‘_'.b g and u~m, for the
By

nt, ,cs*

Wilson coefficients in I For the spectator effect

involved both b and ¢ quarks, e.g., Fﬁ’;‘ be» We shall

follow [20] to set u = 2m, with m, being the reduced
mass mym./(m, + m,).

There are two quantities in Egs. (3.14) and (3.15) which
we need to know, namely |y?¢(0)| and |$”¢(0)|. From
Eq. (2.17) we see that the wave function of the light quark
at the origin of the bc diquark |y?¢(0)| is related to the
hyperfine mass splitting of Z;,.. To remove the dependence
on the light quark mass m,, we notice that the hyperfine
mass splitting of B mesons is given by

b3 (]2
g —my =2 g VB OF
9 mym

(3.16)

q
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Hence,
h-be (0)2 :§ as(my) — me M=, —Ma, Wlét?(o)‘z
3a,(2m,)my, +m. mg —mg
=, [y (0)
8 a;(m,) m. Mo —Mmg,
(o) =5 2 < o)

3a,(2m
wi (0)%, (3.17)

where the B meson wave functions at the origin squared are
given by

r) my, + me mB§ - mBs

=Trq,,

F hb _3GFmb

ann,bu

vy (0)F =

Wi (0) = (3.18)

ﬁf BMp. Ef B.Mp,

As for the wave function of the diquark QQ’ at the origin,
we shall use [26]

=0.039 GeV?,
=0.065 GeV?,

¢<<(0)[?
|pbe(0)]? =0.152 GeV3.

(3.19)

|47 (0)?

For the doubly bottom B, baryons, we have

1 - mébb_m%bh}
Va1 = Pl (O] (B + )= 2e062) 45 (1 + s Bt + ) = 2eseamn(“22 )

my

o Gam? N
5 0 = = LRV P (1 =5 Pl O (B} = 26163 = NS + )

bb

Q, GFmbW
int_,bs — 61

where the wave function of the light quark at the origin of

the bb diquark |y?*?(0)| is given by

4m5* — Mg bi b
P (0)]? = 3mhi—_m: yy (0) = ra,,,,|ll/Bq<0) %,
4meg: — Mg . ;
O = 37 By (0) = g, O

3 mBi - me

(3.21)

B. Numerical results

To compute the decay widths of doubly heavy baryons,
we have to specify the values of B and "By Since B = 1in
the valence-quark approximation and since the wave func-
tion squared ratio "By defined in Eq. (3.17) or Eq. (3.21) is

evaluated using the quark model, it is reasonable to assume
that the nonrelativistic quark model and the valence-quark
approximation are most reliable when the baryon matrix
elements are evaluated at a typical hadronic scale py,q. As
shown in [27], the parameters B and r renormalized at two
different scales are related via the renormalization group
equation to be

mz, — m%bb}
m; ’

9 . 2 2
__(ﬁc%—chcz—Ncc’%)(l+xb—§x§)n< bh
BP0 - xb>2|w*hb<o>|2{<z?c% 2eres = N5+ x,)

- m%bb}) }
2 9
b

2
9 -, 2 mg

-z -2 N1 — 252 b o)
z(ﬂcl Clc2 CCZ)( xb 3xb>’7<

(3.20)

|
with

(O (ﬂhad) 3Ne/2Po G (ﬂhad)
T ( as(u) ) A (3:23)

and f, = %NC - %nf. The parameter k takes care of the
evolution from m, to the hadronic scale. We consider the
hadronic scale in the range of 4 ~ 0.65—1 GeV. Taking
the scale pp,q = 0.9 GeV as an illustration, we obtain
B(u) = (0.75,0.67,0.57) B(tnaq) =~ (0.75,0.67,0.57) and
r(p) =~ (1.33,1.50, 1.74) 7 (4naq ). The parameter f is treated
in a similar way.

We shall discuss the lifetimes of the doubly bottom
baryons B, first for their simplicity. Following [12], we
will use the kinetic b quark mass m,, = 4.546 GeV as the
calculated inclusive semileptonic B rate to the leading order
(LO); using this kinetic mass is very close to the exper-
imental measurement [12]. For numerical calculations, we
use the LO Wilson coefficients ¢, (u)=1.104 and ¢, (u ) =
—0.243 evaluated at the scale y=4.546GeV, Mg — Mg, =
35 MeV, and Mo —mg, = 30 MeV from [25], the wave
function |w??(0)> = 0.151 GeV? [26] and the average
kinetic energy 7' = 0.37 GeV [3]. For the decay constants,
weuse fp = 186 MeV and f = 230 MeV. For the charm
quark mass we use m, = 1.56 GeV fixed from the exper-

imental values for D* and D° semileptonic widths [12].
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TABLE III.  Various contributions to the decay rates (in units of
10713 GeV) of doubly bottom baryons By, to order 1/m} in the
HQE with the hadronic scale py,,q = 0.825 GeV.

TABLE IV. Various contributions to the decay rates (in units of
1072 GeV) of doubly charm-bottom baryons B, to order 1/m;
and 1/m3 in the HQE with the hadronic scale yy,q = 0.900 GeV.

[dec [ann [int semi ot T( 10~13 S) [dec [ann r*:r_lt [int semi [tot T( 1013 S)
=), 5800 1.698 2.090 9.587 6.87 g). 1505 0.034 0.060 —0.737 0.351 1.212 5.43
5.,  5.800 —-0.283  2.090 7.607 8.65 =) 1.505 3.807 0.060 —0.008 0.351 5.714 1.15
@, 5802 —0.312 2092  7.583 8.68 Q). 1.505 1.795 —0.010 0.757 4.047  1.63
The total widths read respectively. Therefore, the large W-exchange contribution
0 tee 0 S0 5 to B9, through the subprocess c¢d — us — cd and the
= _ ec (= ol bb . . .. . . —_
[(8y,) =T%(8,) +T°(8p,) + Dann s sizable destructive Pauli interference contribution to =
o o o 5 . o R .
r(5;,) :Fdec(:bb) +ISY(E;,) S . (see Fig. —22 1mpl1es~0a substant%al lifetime difference
; . By between E, and Z;. Numerically, we see from
- — €C
D) = T Q) + T4 (Qp) + T3 (324) " Table IV that FaBrf;;_Cd > Filfﬁi,cs > |Ffl’;1’cu|. This explains

The results of calculations to order 1/ m‘,i are shown in
Table I11. The lifetime pattern is 7(Q;5, ) ~ 7(2;,) > #(E),).
The E), baryon is shortest-lived owing to the W-exchange
contributions, while =, and Q;, have similar lifetimes as
they both receive contributions from destructive Pauli
interference. We find the lifetime ratio z(Z,)/7(2),) =
1.26.

For the numerical calculations in the charm-bottom
B, system, we also need the LO Wilson coefficients
ci(p) =1.211 and c,(u) = —0.430 at the charm scale
u =156 GeV, and the Wilson -coefficients c¢;(u) =
1.172 and c¢,(p) = —0.366 at y =2m, = 2.32 GeV. We
use mg; — Mz, = 47 MeV, Mo — Mg, = 42 MeV from
[25], and the wave function [y*¢(0)]* = 0.065 GeV? [26].
The total inclusive rates for the charm-bottom baryons
B, read

F(E),) = D% (g},) + TS-(&},) + T, + T

ann,bc ann,bu

+ T e+ T+ T
[(E),) = T(E),) + THED,) + Tonpe + T
+ T e+ T g+ T,
D(Q),) = T9(Q),) + TSH(Q), ) + Tt o + T e
+ T g+ T AT + T, (3.25)

The results of calculations to order 1/m; and 1/m? are
exhibited in Table IV. The lifetime hierarchy now reads
O(1/mb) = ©(,) > «(@),) > «(E),).  (3.26)
Since the CKM matrix element V., is much larger than V
in magnitude so that m2|V|*> > m7|V,|*, it is obvious
that the spectator effects due to W-exchange, constructive
and destructive Pauli interferences are dominated by
FBhL' and 1"6/71.

int+,cs°? int—,cu’

the charm quark, namely Fif;.cd,

the lifetime hierarchy Eq. (3.26). Our lifetime pattern for
B, baryons to order 1/ m3Q is different from that predicted
in [5,9] (see Table II). Note that €. has a larger semi-
leptonic rate due to an additional contribution from con-
structive Pauli interference.

As shown in [12], the heavy quark expansion in 1/m,
does not work well for describing the lifetime pattern of
singly charmed baryons. Since the charm quark is not
heavy enough, it is sensible to consider the subleading
1/m, and 1/my,, corrections to spectator effects as depicted
in Egs. (2.28) and (3.14). The numerical results are shown in
Table V. By comparing this table with Table IV, we see that
the lifetimes of 2, and EY) . become shorter, whereas 7(€9,.)
becomes the longest one. The lifetime hierarchy to order
1/m{, in the HQE is modified to 7(Q),.) > #(&;.) > #(&),.)-
This is similar to the case of singly charmed baryons where
the calculated Q2 lifetime becomes entirely unexpected: the
shortest-lived Q2 to O(1/m?) turns out to be the longest-
lived one to O(1/m¢). This is because ' and T**™ for QY
are subject to a large cancellation between dimension-6
and -7 operators. We see from Table V that T'™(Q) ) even
becomes negative, while Fi_m(E;C) becomes positive. This is
because the dimension-7 contribution I'", (Qf ) is destruc-
tive and its size is so large that it overcomes the dimension-6
one and flips the sign. This implies that 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'(B).) within the realm of perturbation theory, we follow

TABLE V. Various contributions to the decay rates (in units of
1072 GeV) of doubly charm-bottom baryons B, to order 1/my,
in the HQE with the hadronic scale 4,4 = 0.900 GeV.

l"dec [ann FTt Fi_m Fsemi ot T( 10—13s)
E;C 1.505 -0.044 0.014 0.028 0.346 1.848 3.56
Egc 1.505 5911 0.014 -0.005 0.346 7.770 0.85

Q) 1.505 —-0.086 —0.759 —0.005 0.165 0.819 8.03

073006-12



LIFETIMES OF DOUBLY HEAVY BARYONS ...

PHYS. REV. D 99, 073006 (2019)

TABLE VI.  Various contributions to the decay rates (in units of 10~'2 GeV) of the Q?,C after including subleading 1/m,. corrections to

spectator effects. However, the dimension-7 contributions I"% 7
factor of (1 — a) with a varying from O to 1.

(@4,), TS (@), Ty

(E).), and I'¢4 _(E9 ) are multiplied by a

int,7 int—,7

a e rem rin rin [eemi ret 7(QP,) x 103 rn(g;,) red (29)

0 1.505 —0.086 —-0.759 —0.005 0.165 0.820 8.03 0.019 5911

0.31 1.505 —-0.086 0.019 —0.005 0.347 1.780 3.70 —-0.209 5.232

0.45 1.505 —-0.086 0.370 —0.005 0.429 2.213 2.97 -0.316 4.925

1 1.505 —0.086 1.750 —0.005 0.752 3.916 1.68 —0.737 3.721
For B,. baryons, our lifetime hierarchy (&) >

TABLE VII.  Predicted lifetimes (in units of 10~!3 s) of 3,, and

B, baryons in this work.

E‘gb El:b Ql:b Ezrc E(}:c Qgc
6.87 8.65 8.68 4.09-6.07 0.93-1.18 1.68-3.70
[12] to introduce a parameter a so that I'{} +77(926),

Tinc7" (@) Tii_7(E],), and Ty, 4(5),) are multiplied
by a factor of (1 — a); that is, a describes the degree of
suppression. In Table VI we show the variation of the Qgc
lifetime with a. At a = 0.31, I'"(Q) ) starts to become
positive and 7(QY,.) = 3.64 x 107 5. Since we do not
know what the value of « is, we can only conjecture that it
lies in 0.31 < a < 1 and the Q) _ lifetime lies in the range

1.68 x 10755 < 7(Q9 ) < 3.70 x 107135, (3.27)

Likewise,

4.09 x 10735 < 7(Ef.) < 6.07 x 1035,
0
bc

0.93 x 10735 < 7(20 ) < 1.18 x 1073, (3.28)
with the lifetime pattern 7(Z;.) > 7(Q)) > 7(E).). The
predicted lifetimes of B,,;, and 3, baryons in this work are
summarized in Table VIL

C. Comparison with other works

Comparing Table VII with Table II, we see that our
lifetime pattern 7(Q;,) ~ 7(Z;,) > (), ) for By, baryons
is different from the one 7(Z;,) ~ 7(EY,) in [7] and the one
() ® 1(Ep,) ~7(8),) in [5,9,10]. The Y, baryon is
shortest-lived owing to the W-exchange contributions,
while 7, and Q,, have similar lifetimes as they both
receive contributions from destructive Pauli interference.
We find the lifetime ratio 7(Z;,)/7(E),) = 1.26, while it is
predicted to be of order unity in [5,7,9,10] (see Table II) due
to the smallness of the W-exchange in E), and destructive
Pauli interference in ZE,,. For example, the ratio of
rann(g),) /T s calculated to be only one percent (see
Table III of [9]), whereas it is of order 0.3 in our case (see
Table III).

7(Q9.) > 7(8),) differs from that of [5,9,10] in which
one has 7(Z}.) > 7(8),) > 7(QY,). Since the bc diquark is
treated to be a scalar one with S;,. = 0 by the authors of
[5,9,10], their B,. quark matrix elements of four-quark
operators and chromomagnetic interactions differ from
ours. However, irrespective of the way of treating the
B, quark matrix elements, an inspection of Fig. 2 leads to
the pattern T (29 ) > I (Zf ) > 1 (QY ). All three
B,,. baryons receive a common W-exchange contribution
through the subprocess bc — c¢s — be, but Ej, gets an
additional W-exchange between the b and u quarks, while
=Y receives a large W-exchange contribution through the
subprocess cd — su — cd. Hence, it is not clear to us why
Q. has the largest W-exchange in [5,9,10] (see e.g.,
Table II of [9]).

As to the Pauli interference, the destructive contribution
to Z;. should be larger than the constructive one in
magnitude due to the large CKM matrix element V.
As a consequence, the net Pauli interference in EZC should
be negative, while it was calculated to be positive
in [5,9,10].

IV. CONCLUSIONS

In this work we have analyzed the lifetimes of the doubly
heavy baryons B, and ;. within the framework of the
heavy quark expansion. It is well known that the lifetime
differences stem from spectator effects such as W-exchange
and Pauli interference. We rely on the quark model to
evaluate the hadronic matrix elements of dimension-6
and -7 four-quark operators responsible for spectator effects.

The main results of our analysis are as follows.

(1) Special attention is paid to the doubly heavy baryon
matrix elements of dimension-3 and -5 operators
which are different from the ones of singly heavy
baryons. The doubly heavy baryon matrix element
of the ¢ - G operator receives three distinct contri-
butions: the interaction of the heavy quark with the
chromomagnetic field produced from the light quark
and from the other heavy quark, and the so-called
Darwin term in which the heavy quark interacts with
the chromoelectric field. For B,,. baryons, the first
contribution is proportional to the hyperfine mass
splitting of B,.. However, it vanishes if the bc
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diquark is wrongly assigned to be of the scalar type
as often assumed in the previous studies.

(i1) For doubly bottom baryons, the lifetime pattern is
7(Q;,)~7(85,)>7(EY, ). The EY, baryon is shortest-
lived owing to the W-exchange contributions, while
E,, and €, have similar lifetimes as they both
receive contributions from destructive Pauli inter-
ference. We find the lifetime ratio 7(Z;,)/7(E),) =
1.26.

(iii) The study of B, lifetimes is more complicated than
the B, case for several reasons. First, besides the
spectator effects due to each heavy quark b or c,
there also exist W-exchange and Pauli interference
in which both b and ¢ quarks get involved. Second,
care must be taken when considering the heavy
quark expansion for the charm quark.

(iv) Thelarge W-exchange contribution to Egc through the
subprocess cd — us — cd and the sizable destructive
Pauli interference contribution to . imply a sub-
stantial lifetime difference between 2 and =, .

(v) In the presence of subleading 1/m,. and 1/m,
corrections to the spectator effects, we find that

7(€Q9.) becomes longest-lived. This is because I'M
and ™ for QY ~are subject to large cancellation
between dimension-6 and -7 operators. This implies
that the subleading corrections are too large to
justify the validity of the HQE. Demanding that
e (Q9), T (QY ) be positive and T4 _(Z;f ) be

int+ int int—\"bc
negative, we conjecture that 1.68x 10735 <z(Q) )<
3.70x107 s, 4.09x107B3s<z(E} ) <6.07x107 13,
and 0.93 x 107835 < 7(E) ) < .18 x 10713 s.
(vi) The lifetime hierarchy in the B, system is expected
tobe 7(8).) > 7(Q,) > 7(E),). We have compared
our work with others.
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